Freezing behaviour of colliery shale. by Kettle, R. J.
FREEZING BEHAVIOUR OF COLLIERY SHALE
Thesis submitted to the Department of Civil  Engineering 
of the University of Surrey in fu lf i lm en t  of the requirement 
for  the award of a PhD degree.
R J Kettle
April 1973.
■5 ? o G /S '?
ProQuest Number: 10800209
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is d e p e n d e n t upon the quality of the copy subm itted.
In the unlikely e v e n t that the author did not send a c o m p le te  manuscript 
and there are missing p a g e s , these will be n oted . Also, if material had to be rem oved,
a n o te  will ind icate the deletion .
uest
ProQuest 10800209
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C o d e
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 4 8 1 0 6 -  1346
ABSTRACT
The th e s i s  presents  a study of f r o s t  ac t ion  in unbound and in cement 
s t a b i l i s e d  c o l l i e ry  shale .
Frost  s u s c e p t i b i l i t y  was assessed using the Road Research Laboratory 
f r o s t  heave t e s t ,  employing e i t h e r  a cold room or a deep f reeze  cab ine t .
Of the 17 unbound, unburnt shales t e s t e d ,  only four samples were c l a s s ­
i f i e d  as f r o s t  suscep t ib le  whereas 11 of. the 12 unbound, burnt sha les  
t e s te d  were f r o s t  su scep t ib le .  This d i f fe rence  in behaviour has been 
a t t r i b u t e d ,  p a r t i c u l a r l y , to d if ferences  in absorption and in the amount 
and nature of the f ine  material in each sha le .  The add i t ion  o f  cement 
generally  reduced the heave, but c e r ta in  f ine -g ra ined  shales  showed /increased 
heave when so t r e a te d .  Both e f f e c t s  can be explained in terms of  the 
r e l a t i v e  changes in pore s i z e ,  in permeabil ity  and in t e n s i l e  s t ren g th  
which r e s u l t  from cement s t a b i l i s a t i o n .
Measurements of the pressures  generated when heave was r e s t r a i n e d  
were a lso  undertaken. For the unbound, unburnt shales  heave was r e l a t e d  
to heaving pressure and with the cement s t a b i l i s e d  shales s i g n i f i c a n t  
heave occurs only when the heaving pressure  exceeds the t e n s i l e  s t ren g th  
o f  the m ate r ia l .  Thus, although th i s  approach provided data  which a s s i s t s  
in building-up a mechanistic p ic tu re  of f r o s t  ac t ion ,  i t  does not provide 
a bas is  fo r  d i r e c t ly  pred ic t ing  f r o s t  s u s c e p t i b i l i t y .  However, i t  i s  
suggested th a t  the c r i t e r i a  fo r  assessing the f r o s t  s u s c e p t i b i l i t y  of  
cement s t a b i l i s e d  mater ia ls  should be based on dimensional changes and 
on t e n s i l e  s t reng th .
Frost  ac t io n ,  in both unbound and cement s t a b i l i s e d  sh a le ,  is  
explained in terms of an energy balance between the work done in heaving 
and the energy l ib e ra te d  by supercooled f reez ing ,  th i s  concept being 
r e l a t e d  to changes in the nature and proper t ies  of the various m a te r ia ls .
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CHAPTER 1 
INTRODUCTION
During the pas t  15 years  the highway engineering indus t ry  has become 
increasingly  in te re s te d  in the use of  low-grade mater ia ls  and of  in d u s t r i a l  
waste? th i s  following pioneer  work by a number of engineers and notably 
by I n g l e ^  , T r e s s i d e r ^ ^  and Sherwood and P o c o c k ^ )  . This i n t e r e s t  
stems from a combination of  several  fac to rs  which can be summarised as 
follows:-^
( i )  Early success with waste m ater ia ls  such as b las t fu rnace  
s lag  and pulver ised fuel ash.
( i i )  The ever- increas ing  demand fo r  concret ing aggregates 
and roadmaking m a te r ia l s .  This has tended to exhaust many 
of  the ex i s t in g  sources of natura l  aggregate,  p a r t i c u l a r l y  * 
in the sou th -eas t  of England, and has re su l ted  in increased  
cos t  as production became more expensive.
( i i i )  Society (or  a t  l e a s t  c e r ta in  vocal s ec t ions )  has
become preoccupied with considerat ions  of  environment,  p o l lu t io n  
and conservat ion.  This has led to the es tablishment of  
government agencies with the task  of  r e v i t a l i s i n g  areas  of  
i n d u s t r i a l  decay.
I t  has there fo re  become expedient to examine c a r e fu l ly  the merit  o f  
these m a te r ia ls .  Their use is  u l t im a te ly  based on the economics of  the 
s i t u a t i o n ,  providing th a t  the p a r t i c u l a r  material has,  or could be 
modified to produce, the desired  engineering p ro p e r t i e s .  Some of  these 
m a te r ia ls ,  such as b las t fu rnace  s l a g ,  are of s u f f i c i e n t  q u a l i t y  fo r  
inc lusion  in a l l  pavement m a te r ia l s ;  however the majori ty  are of  low 
q u a l i ty  and so they are considered u nsa t i s fac to ry  fo r  inc lus ion  in su rfac ing  
m ate r ia ls .  Their low q u a l i ty  r e s u l t s  in a low bas ic  c o s t ,  but t h i s  
economic advantage is  rapidly  eroded with increasing  haul d i s tan ce .
A major source of  waste m ater ia ls  is  in c o l l i e ry  t i p s  which, in 
add i t ion ,  are probably the l a r g e s t  s ing le  cause of  the d e r e l i c t io n  of  
in d u s t r i a l  land Thus the use of th i s  material  could lead to  econ­
omies in highway cons truc t ion  and a lso  to an increase in the amount of  
land ava i lab le  fo r  o ther  uses.  This materia l  is  re fe r red  to as c o l l i e ry  
shale and covers a l l  the mater ia l  found in c o l l i e ry  waste t i p s .  The 
natural  material  is  unburnt sh a le ,  but s ince  the materia l  in some t i p s  
has,  fo r  various reasons 5 been burn t ,  i t  i s  known as burnt sha le .
Burnt shale has been ex tens ive ly  used in highway cons truc t ion  f o r  
many yea rs .  Unburnt shale  has not been widely used and the major reason 
has been a f ea r  of spontaneous combustion Following co l labo ra t ion
between the National Coal Board and the then Ministry of  Transport ,  
recommendations^  were issued concerning the use of unburnt c o l l i e ry  
shale as a f i l l i n g  m a te r ia l .  These sought to overcome the problems of  
spontaneous combustion and, s ince t h e i r  implementation, unburnt shale  
has been success fu l ly  used as a f i l l  material  on a number of  major c o n t r a c t s .
I t  was there fo re  decided to examine the p o s s i b i l i t y  of  using unburnt 
shale as a sub-base or roadbase m a te r ia l .  In view of i t s  low q u a l i t y ,  the 
material  was unsuitable  in the raw s t a t e  and so i t  was modified to produce 
a cement s t a b i l i s e d  m ate r ia l .  The r e s u l t s  of a prel iminary s tudy,  under­
taken in 1967/68 and reported in 1 9 6 9 ^  , showed th a t  some unburnt sha les  
could be economically s t a b i l i s e d  to produce an acceptable soi l -cement
In the prel iminary study i t  was not possible  to examine the e f f e c t s  
of f reezing and so, in the work reported in th i s  t h e s i s ,  an examination 
has been made of the f r o s t  s u s c e p t i b i l i t y  of both unbound and cement 
s t a b i l i s e d  c o l l i e r y  sha le .  This has been determined by sub jec t ing  the 
mater ia ls  to the Road Research Laboratory f r o s t  heave t e s t  The work
included both burnt  and unburnt shale  and comparisons between the behaviour 
of the various mater ia ls  led to a de ta i l ed  study of  f r o s t  ac t ion  in these  
m a te r ia ls .
CHAPTER 2
THE NATURE OF COLLIERY SHALE AND ITS USE IN ROAD CONSTRUCTION
2.1 Nature of  c o l l i e ry  shale
The bulk of  the mater ia l in c o l l i e r y  waste is  geo log ica l ly  c l a s s i f i e d  
as sh a le ,  which i s  a compacted clay.  Shales have a f in e ly  laminated s t r u c ­
tu r e ,  by v i r tue  of which they are  f i s s i l e  and break e a s i ly  in to  p a ra l l e l  
sided fragments,  and were formed by the squeezing of  water from a very 
f lu id  mud due to  the pressure  developed by superincumbent depos i t s .  During 
th i s  process there  is  a progressive gradation from mud to  clay to sha le .  
Argillaceous rocks can be many co lours ,  th i s  p a r t i c u l a r  sha le  being char­
a c t e r i s t i c a l l y  grey to black due to the presence of  f in e ly  divided carbon 
and i ron sulphide.
The descr ip t ion  unburnt c o l l i e ry  shale  r e fe r s  to  the mater ia l  as run
to t i p ,  any burning -occuring subse^ue-ntiv^. This materia l contains  a large  pro~ 
portion of combustible mat te r ,  of ten  in excess of 20 per cent .  The burning 
of  shale  on a t i p  is  bel ieved to r e s u l t  from external  f ac to rs  such as 
t ipping hot ashes on the t i p ,  but some shales  are sub jec t  to  spontaneous 
combustion under c e r ta in  condi tions  (5) . Burning changes the physical and 
chemical p roper t ies  of  the shale  and r e s u l t s  in a reddish co loured,  baked 
clay known as burnt c o l l i e ry  sha le .
Although burnt shale is  usually  s t ronger  than unburnt s h a le ,  both are
of  r e l a t i v e ly  low s t r e n g t h 0)  ^ Aggregate Crushing Values in
excess of 30, and so they are unsuitab le  fo r  c e r ta in  a p p l ic a t io n s .  These 
are as the aggregates in bituminous m ater ia ls  and in pavement concre te .
In addi t ion some burnt shales have high sulphate  con ten ts ,  due to 
oxidat ion of the sulphides  during burning,  and t h i s  f u r th e r  l im i t s  t h e i r  
su i tab i  l i t y  as concreting a g g r e g a t e s ^ ).
2.2 The use of  c o l l i e ry  sha le  in road cons truc t ion
2.2.1 F i l l  material  For many y e a r s ,  burnt shales  have been widely
used as common f i l l i n g  fo r  highway embankments where they have proved to  be
a sound and economic m ate r ia l .  Some burnt  shales  have high sulphate  contents,  
with the r i sk  th a t  t h e i r  use in embankments could lead to  sulphate  a t tack  on 
concrete s t ru c tu re s  such as bridge abutments,  but a recent  study has defined 
l im i ts  to avoid such . a t t a c k ^  ?As a r e s u l t  of  t h e i r  ex tensive use, su i t a b le  
burnt shales  are now in short  supply. Furthermore, in the pos t Aberfan 
per iod,  a g rea te r  emphasis has been placed on t i p  s t a b i l i t y  and so t i p s  
are b e t t e r  cons truc ted ,  with the mater ia l  being well compacted, thus reducing 
the l ike l ihood  of burning and thereby the supply of  burnt  sha le .
In consequence, a t t e n t io n  has been d i rec ted  towards the use o f  unburnt
s h a l e ^ )  and th i s  has recen t ly  been encouraged by the Minis try  of  Transport 
who have col labora ted  with the National Coal Board in a study of  the specia l  
problems associa ted  with unburnt sha le .  This led to  the issue  of  a memor­
a n d u m ^  which permits ,  fo r  a t r i a l  period of a few y e a r s ,  the use of  
unburnt or p a r t i a l l y  burnt  c o l l i e ry  shale  as a f i l l  m a t e r i a l , providing 
t h a t ,  a f t e r  consu l ta t ion  with the National Coal Board, the p o s s i b i l i t y  of  
spontaneous combustion appears remote and th a t  the materia l complies in 
a l l  o ther  respects  with the cur ren t  s p e c i f i c a t i o n ^ ^  fo r  f i l l  m a te r ia l .
(1312.2 .2  Granular sub-base material The s p e c i f i c a t i o n v 7 permits two 
c lasses  of th i s  m a t e r i a l , re fe r red  to as Type 1 and Type 2. Neither  are 
permitted to have more than 10 per cent passing a*75 pm BS s ieve  when 
te s te d  in accordance with BS 1 3 7 7 : 1 9 6 7 ^ ) .  However, o v e r a l l , Type 2 
mater ia ls  can have f i n e r  gradings but they may not have a p l a s t i c i t y  index 
g rea te r  than 6, and t h e i r  use in pavement design is  more r e s t r i c t e d .  In 
add i t ion ,  both types of  material  are required to  be f r o s t  r e s i s t a n t ,  as 
assessed by the Road Research Laboratory f r o s t  heave t e s t  (9 ) ,  i f  they 
are to  be used within 450 mm of the road s u r f a c e d ) .
Well burnt ,  non -p la s t ic  shale i s  an e s ta b l i sh ed  Type 1 or  Type 2 
m ate r ia l .  Unburnt shale  is  not l i s t e d  in the s p e c i f i c a t i o n ^ ^ )  as being 
a s u i ta b le  granular  sub-base m a te r ia l ,  although i t  has been su ccess fu l ly  
used as such in Scotland and in the north of  England fo r  a cons ider-
able t i m e ^  . A major reason fo r  the lack of use of  unburnt shale  as a 
granular  sub-base is  the lack of  data regarding i t s  d u r a b i l i t y .  A second 
drawback is  the large amount of  mater ia l f i n e r  than 75 ym in some unburnt 
sha les .
2 .2 .3  Cement s t a b i 1ised sub-bases ' and roadbases The th ree  d i s t i n c t  
forms of th i s  materia l are so i l -cement ,  cement bound granu lar  material  
and lean concrete.
In the current  s p e c i f i c a t i o n ^ . - ) ,  burnt  c o l l i e ry  shale  i s  l i s t e d  as 
a materia l s u i t a b le  fo r  s t a b i l i s a t i o n  as so il -cement providing i t  meets 
the normal requirements which cover such p roper t ies  as grading and sulphate 
content .  The pr inc ipa l  requirement is  the 7-day compressive s t reng th  of  
the s t a b i l i s e d  material  and the values s ta t e d  in the s p e c i f i c a t io n  cover 
both the minimum value and the permitted v a r i a t io n .  Based on th e se -v a lu e s , 
i t  has been s u g g e s t e d t h a t ,  a t  the mix design s tag e ,  a reasonable  s t a r t i n g  
point  appears to aim a t  an average s trength  of 4.2 MN/m2 on cyl inders  
compacted to f i e l d  dens i ty .  In addi t ion the  s t a b i l i s e d  materia l should be 
durable and the sp e c i f i c a t io n  re fe r s  p a r t i c u la r l y  to f r o s t  r e s i s t a n c e .  I t  
is c o n s i d e r e d t h a t  the r e s i s ta n ce  to soften ing  can be assessed by 
immersion in water ,  but th i s  requirement is  not  included in the s p e c i f i c a t i o n .
Unburnt shale i s  not l i s t e d  in the sp e c i f i c a t io n  fo r  so i l -cem ent ,  although 
i t  may be argued th a t  i t  does not preclude i t s  use. However, prel iminary  
work ^  has shown t h a t  ce r ta in  unburnt shales  can be economically s t a b i l i s e d  
with cement to meet the curren t  s trength  requirements fo r  so i l -cement .
These s t a b i l i s e d  shales  also performed s a t i s f a c t o r i l y  ^  when immersed in 
water.
The cu r ren t  sp e c i f i c a t io n  does not allow e i t h e r  type of  sha le  to  be 
used in cement bound granular  m a te r ia l ,  fo r  which the grading l im i t s  and
(13)
s trength  values are c lose ly  defined v ' .  I t  is unl ikely  t h a t  the shales  
could have s u f f i c i e n t  uniformity to meet these requirements and d e t a i l e d  
f i e l d  s tudies  would be necessary before i t  could be considered fo r  t h i s
ap p l ica t io n .  For lean concrete ,  only conventional concreting aggregates 
are allowed and the re fo re  there  is  no suggestion t h a t  c o l l i e ry  shale should 
be considered.
CHAPTER 3
THE MECHANISM OF FROST ACTION IN SOILS
3.1 General review
A pr inc ipa l  cause of  damage to roads during severe f r o s t  is  heave in the 
sub-grade or sub-base,  associa ted  with the continuous f reez ing  to which these 
elements of the road s t ru c tu r e  may be subjec ted .  This heave does not  a r i s e  
from the expansion of  s o i l  water on f reez ing  which can usually, be accommodated 
within the pore spaces,  but  from the continuous migration of  moisture in to  
the f reez ing  zone from the unfrozen mater ia l below 0 .8)(19 )b
A prec ise  and complete explanat ion of  th i s  bas ic  phenomenon is  s t i l l  not 
ava i lab le  although T a b e r f o r t y  years  ago, was s u f f i c i e n t l y  f a r - s ig h t e d  
to pos tu la te  t h a t  a th in  fi lm of  l iq u id  separated the ice  phase from the s o i l  
grains and t h a t  the movement of  water ,  to feed the ice lens above these 
g ra in s ,  was through these th in  films . Working independently in Sweden,
Beskow in 1935, a lso  bel ieved th a t  such a th in  fi lm was a v i t a l  f a c to r
in the heaving process .  A dd i t iona l ly ,  T a b e r r e c o g n i s e d  f r o s t  heave 
as a non-steady s t a t e  heat  flow problem with temporary steady s t a t e  condit ions
a t  the f reez ing  f ro n t  during the growth of  a p a r t i c u l a r  ice  lens .  The heat
flow supplied the necessary energy fo r  f r o s t  heave and again t h i s  po in t  was 
made by T a b e r ^ )  . The heaving process has been .shown to c o n s i s t  of
four s tages forming a cycle of  events as fo l lows:-
(1) Nucleation of  ice .
(2) Growth of  th i s  nucleus in to  an ice  lens.
(3) Termination o f  th i s  growth.
(4) Heat and water flows between the end of  stage 3 and 
the s t a r t  of  a new cycle.
This is  e s s e n t i a l l y  the working hypothesis advanced by T a b e r a n d
i t  is  as va l id  now as i t  was in 1929.
The l i t e r a t u r e  on f r o s t  heave is  ex tensive and an attempt is  made in 
the following paragraphs to o u t l in e  the p r in c ip a l  views expressed r e l a t in g  
to the mechanism of f r o s t  heave. For a more de ta i l ed  explanat ion a paper 
by Wissa and ' M a r t i n i s  recommended as being p a r t i c u la r ly  
comprehensive.
3.2 Fros t  heaving mechanism
From Taber 's  work, i t  follows th a t  the presence of th in  films of  l iq u id  
between ice  lenses and so i l  grains is  a p r e re q u i s i t e  to the heaving process .  
This f i lm is  probably formed by the combination of  the adsorption forces  o f ‘ 
the ice  and the s o i l  p a r t i c l e s  as suggested by T a b e r a n d  Beskow . 
The existance of  an adsorbed layer  of  l iqu id  on the surface  of  s o i l  p a r t ­
i c l e s  is  well documented(^)(^4) ancj there  is  s trong e v i d e n c e ^ )  ^26) t h a t  
the surface  of ice  is  covered by a th in  layer  of unfrozen water ,  custom­
a r i l y  ca l led  a l i q u i d - l i k e  layer .  Some w o r k ^ ^  has suggested t h a t  th i s  
layer  is  not manifest a t  an a i r - i c e  in te r f a ce  but in f reez ing  s o i l s  the 
in te r f a c e  is  normally between water and ice .  Experimental ev idence,  based 
on s im ip l i f i e d  model systems, has been p u b ! i s h e d ^ ) ^ )  and supports  the 
th in  la y e r ,  water f i lm hypothesis .  ' In ac tual  s o i l s  the geometry is  more 
complicated, but  the same process wil l  take place.
Work by C o r t e ^ ^  demonstrated the funct ional  concept of  the th in  
f ilm as a force mechanism. Water in a glass  j a r  was cooled so t h a t  the 
ice  grew upward as shown in Figure 3.1 and so i l  p a r t i c l e s  of  various 
s izes  were sprinkled through the water onto the surface  of  the i c e .  The 
smaller  p a r t i c l e s  were ca r r ied  a t  the growing surface  of  the i c e ,  i n d ic a t in g  
the presence of  a water layer  beneath the r i s in g  p a r t i c l e .  The ac tual  
proportion of  p a r t i c l e s  u p l i f t e d ,  as opposed to  being engulfed in the i c e ,  
was dependent on the cooling r a te  and on the s ize  of  the p a r t i c l e s .  To 
maintain the f ilm i t  is  necessary fo r  addi t ional  water molecules to  en te r  
i t ,  so replacing those transformed to i c e ,  the r a t e  of  replacement being
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dependent on the shape or weight of  the p a r t i c l e  supported by the f i lm ,  
w h i l s t  the cooling r a t e  contro ls  the time in which th is  replacement can 
occur. In reviewing the process of  f r o s t  heave, the ro le  of  th i s  l aye r  w i l l  
be seen to be c r i t i c a l .  I t s  e f f e c t s  on the i n i t i a l  nucleat ion of ice  wi l l  
be considered before deal ing with the formation of  s ig n i f i c a n t  amounts of  
ice .
Nucleation of  ice  in the water  of  a so i l  system is  fundamentally no 
d i f f e r e n t  from th a t  in bulk water .  However, the nucleat ion i s  modified 
by the f a c t  t h a t  the water i s  present  as separated small volumes and the 
proximity of the water so i l  in te r f a c e  lowers s i g n i f i c a n t l y  the temperature 
required to nucleate  the i c e ,  the exact temperature depending on the s o i l ^ ) .  
Nucleation is followed by the growth of nuclei to c r y s ta l s  o f  f i n i t e  
s i z e .  An addi t ional  e f f e c t  of  the sm a l l , p a r t i a l l y  separa ted ,  water 
volumes is  t h a t  the instantaneous  volume of  water ava i lab le  fo r  ice  
formation is  l im i ted .  In s i l t s  and c lays ,  where an appreciable  f r a c t i o n  
of  the water is  in the adsorbed, double lay e r ,  the volume of  water  a v a i l ­
able fo r  ice formation is  even fu r th e r  reduced.
In a s o i l  the ice  must grow around the s o i l  p a r t i c l e s  and through the 
voids between them, but ice  is  prevented from coming in to  con tac t  with 
the s o i l  p a r t i c l e s  by the th in  fi lm of  l iq u id .  The r e s u l t  is  a th re e -  
dimensional ice  network containing many ho les ,  each one conta ining a
(3i \
s o i l  p a r t i c l e  surrounded by w a te rv 1 . The important f e a tu re  i s  the la rge  
area of  the ice /w ater  i n t e r f a c e  t h a t  i s  b u i l t  in to  th i s  s t r u c t u r e .  In 
th i s  network the ice  wi l l  form a t  some temperature below 0°C, which may 
be found from the expression given by M a r t i n ^ )  : -
where A Fv i s  the f ree  energy per un i t  volume of  ice  formed, L i s  the 
l a t e n t  heat  per un i t  volume, a T i s  the degree of supercooling and Tg i s  
the freezing po in t ,  273° Kelvin (0°C).
T a b e r ^ ^  , and subsequently o ther  w o r k e r s ^ ^ ^ ^  , recognised 
th a t  i t  was supercooling t h a t  provided the energy fo r  heave. For example, 
f reezing 1 cc of water a t  1°C of  supercooling re leases  s u f f i c i e n t  energy 
to l i f t  12,5 kg through a height  of  1 cm.
(31)The f ree  energy, aEv > can a lso  be expressed^ ' in terms of  the 
geometry of  the ice /w ate r  i n t e r f a c e ,  th u s : - .
Vi AFv "  Ai 0 = 0 3.2
where V. i s  the volume of  ice  transformed,  ' Aj i s  the surface  area of  
the ice  s t ru c tu r e  and a i s  the s o l i d / l i q u i d  surface  f ree  energy per  
un i t  area .
Thus, combining equations 3.1 and 3.2 : -
The only p a r t  of th i s  equation th a t  depends on the s o i l  i s  the 
f a c to r  A./V.J, which is  the r a t i o  of the surface  area b u i l t  in to  the ice  
network to the volume th a t  transforms to ic e .  This f a c to r  must be la rge  i f  
AT is  to be appreciable s ince  a ,  Te and L are physical cons tan ts .
Soils  in which t h i s  f a c to r  i s  small w i l l  not heave. These are the 
coarse sands and g rave ls ,  where the voids are large enough fo r  the 
water in them to behave e s s e n t i a l l y  l ik e  bulk water.
Having es tab l i shed  the presence of  the th in  films of  l i q u id  and 
t h a t  supercooling of  these films produces the energy of  f r e e z in g ,  the 
formation of  ice  lenses can be discussed. Figure 3.2 shows a s ec t ion  
through a mass of  so i l  in which an ice lense is growing, the d i r e c t io n  o f  
cooling being v e r t i c a l l y  downwards from the su rface .  A th in  l iq u id  f ilm 
i s  ind ica ted  a t  pos i t ion  A and as i t  i s  th i s  fi lm t h a t  provides the 
driv ing force fo r  f r o s t  heave, i t  is  of ten re fe r red  to as the ac t iv e  
film layer .  Each so i l  grain lying in the freezing f ro n t  has i t s  own 
ac t ive  f i lm ,  as shown in Figure 3 .2 ,  and the summation of  the  indiv idual
forces  generated in each of  these films is the to t a l  l i f t i n g  force on the mater­
ia l  lying above the f reezing f ro n t .  This force increases  with the surface  area 
of the i c e - s o i l  in t e r f a c e  which in turn  increases  with decrease in the s iz e  of  
the so i l  g ra ins .
The phase change from water to ice  involves molecular movements with in  
the ac t ive  lay e r ,  s ince the p roper t ies  of the molecular layers  of  water in th in  
films are very much governed by those of the so l id  surface with which they are 
in con tac t .  The s o l id  surfaces  control both the o r ie n ta t io n  and the r i g i d i t y  
of  the th in  f i lms .  There is  an equil ibrium thickness  fo r  the ac t ive  l aye r  
although i t s  value varies  with temperature. Indeed a t  a s u f f i c i e n t l y  low 
temperature the layer  ceases to e x i s t ^ ) b u t ,  fo r  the explanation o f  heaving, 
i t  is  s u f f i c i e n t  t h a t  an equil ibrium thickness  e x i s t s .  When the s o i l  water  is  
supercooled, a l i t t l e  of  the water in the ac t ive  laye r  f reeze s ,  thus reducing 
the th ickness  of the layer  below the equi l ibr ium th ickness .  But the th ickness  
can be res to red  by an in f lux  of  water from the unfrozen so i l  s ince  the phase 
change from water to ice  produces a force inbalance in the ac t ive  l ay e r .  This 
leads to a negat ive ,  or  su c t io n ,  pressure  in the water  f i lm,  possib ly  due to  
changes in osmotic p r e s s u r e ^ ) , t h a t  causes water to flow to the f reez ing  f ro n t  
as shown in Figure 3.3.  I t  i s  the f ree  energy created by the supercooling of  
the water f i lm t h a t  i s  converted in to  a negative water p ressure .
The demand fo r  water in the ac t ive  laye r  i s  thus governed by the volume 
r a t e  of  phase t r a n s i t i o n  within the layer  toge ther  with the degree of  super ­
cooling recessary to cause ice growth. Water molecules outside  the ac t iv e  
layer  are a lso frozen onto the ice  lens ,  as a t  pos i t ion  B in Figure 3 .2 ,  
although the water here is  almost unaffected by the ac t ive  l aye r  and. f reez ing  
is  s im i la r  to t h a t  in bulk, or  f r e e ,  water.
The ice  i s  a s ink in to  which the water tends to f l o w ^ ^ ,  the flow to  the 
f ro n t  being a f fec ted  by the so i l  p e r m e a b i l i t y ^ ^  and by the a v a i l a b i l i t y  o f  
w a t e r ^ ) .  In s o i l s  frozen in a closed system, so t h a t  access to  f re e  water  
i s  prevented,  i t  has been s h o w n ^ ^  t h a t  the water content  of  the unfrozen 
so i l  i s  reduced as water flows to the f r o n t ,  and th i s  can produce s i g n i f i c a n t
shrinkage in the unfrozen s o i l .  This e f f e c t  is  p a r t i c u la r ly  pronounced in 
clays because of t h e i r  low permeabil ity  and the f a c t  t h a t  comparatively large 
amounts of-water  are held- in the adsorbed layers .
I f  the flow to the f reezing f r o n t ,  including the act ive  l a y e r s ,  from the 
adjacent  areas equals the loss of water to the i c e ,  then a s u b s t a n t i a l l y  
s ta t io n a ry  f reezing f ro n t  wil l  be es tab l i shed  and a th ick  lens wi l l  develop. 
This local steady s t a t e  i s  maintained by the l a t e n t  heat  produced by the 
water  to ice  phase change. At some dis tance back from the ice  f ro n t  the heat  
flow is in a non-steady s t a t e  and, consequently, there  is a s trong tendancy 
fo r  the temperature a t  the freezing f ro n t  to be lowered. Referring to 
Figure 3 .2 ,  i f  the temperature gradient  is  such th a t  the f reez ing  o f  water 
a t  po in t  B is  g rea te r  than a t  poin t  A, the ice  a t  B wil l  take a convex shape 
as d ic ta te d  by the void space between the p a r t i c l e s .  In the p rocess ,  the 
a c t ive  f ilm area between the p a r t i c l e  and the ice  above becomes l a r g e r  b u t ,  
a t  the same time,  the replacement flow path to the apex is  g r e a te r  and the 
flow diminishes. Thus the convex ice  f inge r  wil l  e i t h e r  pene t ra te  through 
the void or  a new ice nucleus wil l  form below, so engulf ing the s o i l  p a r t i c l e s  
in a continuous process.  This behaviour i s  explained in d e ta i l  by Wissa and 
Martin^) .
Heaving may be produced by the growth of  a c le a r  ice  lens or  by the 
engulf ing of  so i l  p a r t i c l e s  during the penetra t ion  of  the f reez ing  f r o n t ,  
the l a t t e r  process producing a s e r ie s  of th in  ice  lenses around each of  the 
engulfed p a r t i c l e s .  Thus heaving is  not necessa r i ly  accompanied by c l e a r ly  
d i s t ingu ishab le  ice  lenses.
The c h a r a c t e r i s t i c s  of  the so i l  p a r t i c l e  are important in the heaving 
process s ince  the width, thickness  and surface c h a r a c t e r i s t i c s  a f f e c t  the 
water supply. I t  is  a lso  important th a t  a p a r t i c l e  should be small enough 
to have e i t h e r  an upper or  a lower surface  within the plane of  f reez ing .
I t  has been s h o w n t h a t  although the f reezing  plane i s  r e l a t i v e l y  uniform 
on the macroscale,  i t  i s  undulating or  i r r e g u l a r  on the microscale .  The
maximum heaving act ion wi l l  occur when the area of the ac t ive  l a y e r s ,  in 
the f reezing f r o n t ,  i s  a t  a maximum.
The or ig in  of the heaving energy and the thermodynamic expression of  
the i c e - f i I m - p a r t i c l e  r e la t io n sh ip s  are the concern of  s o i l  ph y s ic i s t s  and 
physical chemists. In c o n t r a s t ,  engineers are general ly  concerned with 
the heaving process on the macroscopic scale  where the most important 
f a c to r  i s  t h e . t h i n  f i lm of  water which provides the basic  force mechanism 
o f  heaving. Through th i s  l a y e r ,  water is  a t t r a c t e d  to the f reez ing  f ro n t  
and frozen onto an ex i s t in g  le n s ,  thus producing fu r th e r  heave. A complete 
explanat ion of  f r o s t  heaving wil l  u l t im ate ly  involve the q u a n t i t a t i v e  thermo 
dynamics of the whole system, including the p a r t ic le '  c h a r a c t e r i s t i c s ,  the 
s o l i d - l i q u i d  in t e r r e l a t i o n s h ip s  and the  simultaneous flow of  heat  and water .
3.3 Pressures developed during so i l  f reezing
The pressures  developed in the ac t ive  laye r  are generated by the f ree  
energy l ib e ra te d  by the supercooling.  Thus from equation 3 .1 : -
P = a F = ^ 4 - ^  3.max v T ■e
where Pmax is  the maximum pressure which can be developed in the s o i l .  
Combining equations 3.3 and 3 .4 ,  i t  follows th a t
a AiP _ .  = A F • 1max v V|
Chalmers and J a c k s o n ^ ^  have s im pl i f ied  th i s  expression fo r  a p a r t i c u l a r  
porous materia l made up of  cy l ind r ica l  channels of radius r  and height  
h. I f  there  are n cy l inders  then:
-A. = n2irrh and V. = mTr2h
In a natura l  so i l  there  is  a wide range of  values fo r  the pore r a d i i , but 
a c h a r a c t e r i s t i c  value,  r ,  which i s  some average void s i z e ^ ^ ,  can be sub­
s t i t u t e d  in equation 3 .6 ,  as follows:
Pmav = —  3.7max -
This expression has also been e s t a b l i s h e d ^ ^ ^  using a fundamental, 
thermodynamic.approach. Penner^^^  , however, has suggested t h a t  the maximum 
heaving pressure is  dependent on the s ize  and number of  the sm al le s t  pores 
r a th e r  than on the average pore s ize  of  the p a r t i c u l a r  s o i l .  He a t t r i b u t e s  
th i s  e f f e c t  to  the undulating ice-water  in te r f a c e  which reaches a f in a l  
equil ibr ium pos i t ion  such t h a t  the in te r f a ce  r e s t s  oh the sm al le r  r a th e r  
than on the l a rg e r  pores of  the system.
The pressure has two e f fe c t s  -  i t  l i f t s  the s o i l  plus any surcharge 
above the ice  lens and i t  provides a pressure  gradient  to draw water  to the 
i c e  lens .  This suggests th a t  the ac t ive  layer  must be s u f f i c i e n t l y  r i g i d  
to r e s i s t  the p ressure ,  P^, due to  the so i l  and surcharge above the f reez ing  
f ro n t .  E f fec t ive ly  the behaviour of  the ac t ive  laye r  i s  analogous to a 
hydraulic  j a ck ,  the ac t ive  layers  a t t r a c t i n g  water molecules to replace  
those l o s t  to the ice in maintaining the jacking ac t ion .  The pressures  
in the ac t ive  layer  are th u s : -
P = P. + Pc 3.8max L S
where P^ is  the load,  or  heaving p r e s s u re ’and P^ is  the  suc tion
pressure  in the so i l  water .
I f  the s o i l  permeabili ty  i s  such th a t  the water  flow is  i n s u f f i c i e n t  to  
meet the demand a t  the freezing f r o n t ,  one or more of a number of  e f f e c t s  
wi l l  fo l low :-
(a) an increased suction wil l  develop in the void water
and th i s  w i l l  ad d i t io n a l ly  produce a f a l l  in P^ s ince the sum
of P, and Pc are l imited by the value of  Pmav fo r  the l ° max
p a r t i c u l a r  s o i l .
(b) c a v i ta t io n  wil l  occur in the water as a i r  or  gas vapour 
bubbles come out of  so lu t ion  and these bubbles wil l  f u r t h e r  impede 
the flow of  water.  The c lose ly  packed v e r t i c a l  s t r i a t i o n s  of 
these numerous and extremely f in e  bubbles are nearly always seen 
in ice  lenses ,  giving them a th re ad l ike  appearance.
(c) the f reezing  f ro n t  w i l l  penetra te  in to  the s o i l ,  
always assuming t h a t  the temperature g radient  has not reached 
an equil ibrium po s i t io n .
Because of the large pressure  developed a t  the f reez ing  f r o n t ,  many
highly impervious, clay type s o i l s  undergo dess ica t ion  in the s o i l  immediately
below the f reezing f r o n t ,  and v e r t ic a l  shrinkage cracks may occur due to
the accompanying c o n s o l id a t io n ^ * ^ . Such s o i l s  have sometimes been judged
to be non-fros t  su scep t ib le  as they do not produce large heaves , but thaw
(391weakening can never theless  be s u b s t a n t i a l v 1.
The existence of  strong so i l  heaving forces  during f reez ing  has been well 
demonstrated by the deformation of  frozen ground, the heaving of  s t r u c tu r a l  
foundations and the movement of  buried uni ts  such as pos ts .  While the re  may 
be some disagreement among various in v es t ig a to r s  on s p e c i f i c  d e t a i l s ,  the re  
i s  general agreement regarding the mechanism t h a t  .forms the bas is  f o r  p re ­
d ic t ing  f r o s t  heaving p ressures .  As shown e a r l i e r ,  the s a l i e n t  f e a tu re s  are 
t h a t  pore s ize  and pore s ize  d i s t r i b u t i o n  d i c t a t e  the magnitude of  the heaving 
p ressure ,  p a r t i c l e  s ize  and p a r t i c l e  s ize  d i s t r i b u t io n  being important  
because of t h e i r  influence on pore s i z e ^ ^ .
Most of  the experimental work concerned with heaving pressures  has been 
(35) (41 ) (42)
reported in North America, although cornparatively few measurements
(43)have been made of  these p ressures .  In Great B r i t a in ,  Sutherland and Gaskinv 
a t  the Universi ty of Glasgow, have measured heaving pressures  during an 
in v es t ig a t io n  of the f reezing behaviour of  pulverised fuel ash.
Heaving pressure  is  measured by f reezing a re s t ra in ed  specimen of so i l  
so th a t  the freezing isotherm l i e s  within the specimen. The specimen i s  
frozen in an open system, with f ree  excess of water ,  s ince the maximum 
heaving pressure for  a porous material  i s  developed under such cond i t ions(^5)(36)  
Laboratory s tud ies  and f i e l d  observations  jiave s \]om t h a t
the addit ion of  a load on to a f r o s t  suscep t ib le  so i l  reduces the heave and 
a lso  the ra te  of heave. This may be explained by invoking the second law 
o f  moti on:
Energy Expended, E = Work Done = Resistance x d is tance  moved.
E = R x d.
For a time r a te  p rocess : -
E = R x 5 3.9
where E is  the r a t e  of  generat ion of  f ree  energy and a i s  the  heaving 
r a t e .
The r e s i s ta n c e ,  R, can be expressed th u s : -  
R = Wx + Wf  + F
where W is  the external  surcharge load,  i f  any, Wf  i s  the weight ofA I
frozen so i l  above the f reezing f r o n t ,  and F i s  the f r i c t i o n a l  r e s i s t a n c e  
to  displacement,  expressed as an equivalent  surcharge load. This r e s i s t a n c e  
can e i t h e r  be i n t e r n a l ,  between adjacent embedded so i l  p a r t i c l e s ,  or  e x t e r n a l , 
between a so i l  sample and the walls of i t s  conta iner .
To complete equation 3.9 a term must be added to allow f o r  the work
done in t ranspor t ing  water to the freezing f r o n t ,  th u s : -
E = R x d + W  3.10
where W is  the work ra te  in l i f t i n g  the water .  This wi l l  be r e l a t e d  to  
d, the heave r a t e ,  as a change in d wi l l  change the flow requirements to the 
f reezing f ro n t ,  hence:-
where N i s  a function of the moisture content ,  the d is tance  between the 
freezing f ro n t  and the water t a b l e ,  and the suction pressure P^.
However, with r e s t r a in ed  heaving in an open system, the work done in 
l i f t i n g  the water is  n e g l i g i b l e ^ s i n c e  s u f f i c i e n t  water i s  f r e e ly  
ava i lab le  a t  the freezing f ro n t  fo r  ice growth. Thus:-
• •
R x d »  W 
and, as an approximation
E - R x a 3.11
This explanation of  the work done during heaving is a development of  
work published by o ther  r e s e a r c h e r s ^  in the f i e l d  of  s o i l  f reez ing .
3.4 Assessment of  the f r o s t  s u s c e p t i b i l i t y  of  s o i l s
In essence,  two main approaches have been followed fo r  assess ing  the 
f r o s t  s u s c e p t i b i l i t y  of s o i l s  and of  foundation m a te r ia ls .
The f i r s t  approach involves the measurement of  so i l  p ro p e r t i e s  such 
as grading and r e la t in g  them to the values fo r  m ater ia ls  whose f r o s t  su scep t ­
i b i l i t y  has been e s ta b l i sh e d ,  usually  by f i e l d  experience.  This i s  an 
empirical approach.
The second approach cons is ts  of f reez ing  specimens of  the  s o i l  in the 
labora to ry ,  under a chosen regime, and measuring e i t h e r  the t o t a l  heave or  
the ra te  of  heaving. These values are judged against '  f i e l d  performance 
so t h a t  laboratory  performance c r i t e r i a  can be e s tab l i shed  fo r  p red ic t in g  
the f r o s t  s u s c e p t i b i l i t y  of  o ther  m a te r ia ls .  This is  a s imulat ion approach.
The empirical approach has been followed in North America, where i t s  
i n i t i a l  considerat ion dates from Taber 's  w o r k ^ )  in 1930, This work drew 
a t te n t io n  to the e f f e c t s  of so i l  t ex tu re  on f r o s t  a c t io n ,  and subsequent ly ,  
o ther  w ork e rs (^ ) (4 7 )  ^  ^  -j930s a lso described these e f f e c t s .  As an exten*- 
sion of th i s  approach many Sta tes  produced t h e i r  own r e l a t io n sh ip s (^ 8 ) (4 9 )  
between so i l  c l a s s i f i c a t i o n  and f r o s t  ac t ion  and i t  i s  s i g n i f i c a n t  t h a t  many
re la t io n sh ip s  are expressed in terms of  p a r t i c l e  s ize  and p a r t i c l e  s ize  
d i s t r i b u t i o n .  Probably the most important of  these systems is  t h a t  advanced 
by Casagrande ^P .^ in  1931 and which has been adopted by many a u t h o r i t i e s ^ ^  
in North America. This system is based on the overal l  form of  the p a r t i c l e  
s ize  d i s t r i b u t i o n  and the amount of  the s o i l  f i n e r  than 0.02 mm. Casagrande 
Stated^® )' , " . . . .  one should ex pec t con sider ab le  ic e  seg reg a tio n  in  non- 
uniform s o i l  con ta in in g  more than 3 p er cen t o f  gra in s sm a lle r  than 0 .02  mm3 
and in  very  uniform s o i l s  con ta in ing  more than 10 p er  cen t sm a lle r  than 0 .02  mm. 
■ 21lo ic e  seg reg a tio n  was observed  in  s o i l s  con ta in in g  le s s  than I p e r  cen t 
sm a ller  than 0 .02  mm . . . .  ". In subsequent w o r k ^ )  he used the  c o e f f i c i e n t  
of uniformity to c l a s s i f y  the overal l  grading as e i t h e r  non-uniform or  very 
uniform, so t h a t  fo r  non-uniform s o i l s  the c o e f f i c i e n t  i s  g r e a t e r  than 5, 
and fo r  uniform s o i l s ,  i t  is  less  than 5. The major ity of  the o th e r  r e l a t i o n ­
s h i p s ^ ) ^ )  used in North America were, and s t i l l  a re ,  based on grading 
envelopes and so i l  c l a s s i f i c a t i o n  groups.
B e s k o w ^ ) ,  in Europe, a lso  re la te d  s o i l  c l a s s i f i c a t i o n  to f r o s t  ac t ion
using grading envelopes,and typical  grading l im i t s  are shown in Figure 3.4.
This approach was followed in England and, as a r e s u l t  of work a t  the Road
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Research Laboratory, Croneyv J e s tab l i shed  a grading envelope f o r  f r o s t  
su scep t ib le  s o i l s ,  which was based on data obtained in southern England during 
the severe winter  of  1946/47.
The empirical approach is s t i l l  widely used, p a r t i c u l a r l y  in  North
America, although the re la t io n sh ip s  are f requent ly  checked, and where necessary
( \ / 5 7 \
they are revised.  An example of th i s  r e v i s io n ,  is the work ca r r ie d
out between 1963-65, by the province of Ontario in Canada.
Over the pas t  20 y ea r s ,  an improved understanding of  the mechanism of  
f r o s t  heave, together  with advances in laboratory  equipment has led to g r e a t e r  
emphasis being placed on the s imulat ion approach, but th i s  has not led to the 
es tablishment of many standard t e s t s  fo r  evaluat ing  the f r o s t  s u s c e p t i b i l i t y  
of s o i l s  and engineering m ate r ia ls .  The two most widely reported  t e s t s  are
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FIGURE 3.4 LIMITS BETWEEN FROST SUSCEPTIBLE AND NON FROST 
SUSCEPTIBLE MIXTURES OF MORAINE MATERIALS AND
SIMILAR MIXTURES ( a f t e r  Beskov^18) ) .
the U S Army Corps of Engineers f r o s t  s u s c e p t i b i l i t y  t e s t ^ ^ ^  and the
(cn
Road Research Laboratory f r o s t  heave t e s t v '• . The performance of  m ater ia ls
in these t e s t s  i s  r e la te d  to  t h e i r  f i e l d  behaviour and so the t e s t s  are useful
fo r  p red ic t ing  the behaviour of  un tr ied  m ate r ia ls .
(58)(9)The procedures are well documented fo r  both t e s t s ,  the main
d i f fe rence  in regime r e l a t in g  to the temperature o f  the a i r  above the 
specimens. In the B r i t i sh  t e s t  the temperature i s  maintained a t  -17°C but  in 
the American t e s t  i t  is  gradually  lowered so t h a t  the 0°C isotherm passes 
slowly through the specimen a t  a sp ec i f ied  r a te  of  6 .7  mm/day. These t e s t s  
are of long dura t ion ,  involving periods of over 10 days, and in  both t e s t s  
s im i la r  s ize  specimens are t e s ted  with an open system of  water  supply. In 
the B r i t i sh  t e s t  the to t a l  heave i s  measured whereas the i n t e r p r e t a t i o n  
in the American t e s t  is  in terms of  the maximum heaving r a t e .  I t  i s  
considered th a t  both t e s t s  impose severe condit ions  on the specimens, and 
are there fo re  l i k e ly  to lead to conservat ive dec is ions .
Current ly these two t e s t s  are the most important s im ula t ive  t e s t s ,  but
recen t ly  a l t e r n a t iv e  approaches have been examined in an a ttempt to  develop
(42)(59)
a quick-index t e s t .  ' I t  has been suggested t h a t  measurement of  the
pressures  developed when heaving i s  r e s t r a in ed  could lead to  some s im p l i f i e s  
a t ion  of  t e s t in g  procedures.  This l in e  of in v es t ig a t io n  is  being pursued, 
p a r t i c u l a r l y  in the USA, where the recen t  s tud ies  have produced encouraging 
r e s u l t s
One fu r th e r  aspect  of  f r o s t  a c t io n ,  which is  outs ide  the scope of  t h i s  
i n v e s t ig a t io n ,  r e l a t e s  to the loss of  bearing capacity  when a frozen so i l  
thaws in the spring .  There is  f requent  mention in the l i t e r a t u r e ^ ) (61) 
of  thaw weakening, but not in r e l a t io n  to the f r o s t  s u s c e p t i b i l i t y  o f  m a te r ia ls  
This i s  p a r t i c u la r l y  t rue  with the s imulat ive approach s ince  thaw weakening 
can occur in s o i l s  such as f a t  clays t h a t  do not heave s i g n i f i c a n t l y .
CHAPTER 4
SCOPE OF THE INVESTIGATION
4.1 General ou t l ine
The work reported  in t h i s  th es i s  was prompted by an MSc p r o j e c t ^ )  
undertaken by the author.  The p ro je c t  cons is ted  of  a study of  the s t reng th  
and e l a s t i c  p roper t ies  of  cement s t a b i l i s e d  unburnt c o l l i e r y  shales  and 
showed t h a t  some of  these  shales  could be economically s t a b i l i s e d  to  produce 
soil -cement meeting the s t reng th  requirements of  the current  s p e c i f i c a t i o n ^ )  .
I t  was decided to extend th i s  study by examining the f r o s t  s u s c e p t i b i l i t y  
of  unbound and cement s t a b i l i s e d  c o l l i e ry  sh a le ,  both burnt and unburnt shales  
being s tud ied .  The f r o s t  s u s c e p t i b i l i t y  was determined by sub jec t ing  specimens 
to the Road Research Laboratory f r o s t  heave t e s t  (^) . In a d d i t io n ,  an examina­
t ion  was made of the mechanism of  f r o s t  ac t ion in both the unbound and the 
cement s t a b i l i s e d  c o l l i e ry  sha les .
In th i s  work, 30 d i f f e r e n t  samples of c o l l i e r y  shale  have been s tud ied  
and they represen t  materia l from almost every major c o a l f i e ld  in the United 
Kingdom, the locat ions  being given in Table 4.1 and shown in Figure 4 .1 .  
Although the major ity of  these samples were chosen a t  random, some were 
t e s t e d  because of the p o s s i b i l i t y  of  t h e i r  commercial e x p lo i t a t io n  in highway 
cons truc t ion .  .
4.2 Preliminary t e s t s
At the o u tse t  of th i s  study i t  was decided t h a t  only one mixer  would be 
used in order  to l im i t  the experimental v a r i a t io n ,  and so a comparison was 
made between the three  mixers in the labora tory .  The mixed mater ia l  was 
compared in terms of the breakdown during mixing, and the 7-day compressive 
s t reng th  of  the compacted m ate r ia l .  From the r e s u l t s ,  i t  was judged t h a t  the 
use o f  a small open pan mixer would be s a t i s f a c t o r y .
Concurrent with th i s  comparison, s teps  were taken to adapt a deep f reeze  
cabinet  so t h a t  i t  would produce the  required t e s t  condi tions f o r  the  f r o s t  
heave t e s t .  This provided an in te r im  basis  fo r  undertaking these  t e s t s ,  but 
fo r  the fu l l  programme envisaged, more comprehensive f a c i l i t i e s  were necessary.
Code l e t t e r s  r e f e r  to
Table 4.1
H! EC
Location of the Sources of Shale Figure 4.1
_l--------------------------: ------- _ _ y
Location
Source Type
Code 
L e t te r  1 Coll iery
A Aberpergym Tip Unburnt
B Bed!ay Tip Unburnt
C Bentley Tip Unburnt
D Betteshanger Tip Unburnt
E . Brodsworth Tip Unburnt
F Bul l c r o f t Tip Unburnt
G C h is le t  ( I ) 2 Washery Unburnt
Chis le t  (2) Fine,Washery Unburnt
C h is le t  (3) Tin Unburnt
Chis le t  (4) Tip Unburnt
H Cortonwood2 Tip Unburnt
I Peckfie ld2 Tip Unburnt
J Rothwell (1) Tip Unburnt
Rothwell (2) Tip Burnt
K Snowdown (1) Washery Unburnt
Snowdown (2)2 Tip . Unburnt
L Thorne2 Tip Unburnt
M Tilmanstone (1) Tip Unburnt
Til manstone (2) Tip . P a r t -b u rn t
Tilmanstone (3) Tip Burnt
N Binley ( I ) 2 Tip Burnt
Binley (2) Tip Burnt
Binley (3) Tip Burnt
Binley (4 )3 Tip Burnt
0 Granvi lle Tip Burnt
P Newdigate (1) Tip Burnt
Newdigate (2) Tip Burnt
Q Si lverda le Tip Burnt
R Thorn!ey Tip Burnt
S Wheatley Hill Tip Burnt
Notes: 1 Code l e t t e r s  r e f e r  to p lo ts  on Figure 4.1.
2 Sampled with a view to commercial e x p lo i t a t io n .
3 Sample contains crushed oversize shale .
I t  was the re fo re  decided to i n s t a l l  cold room f a c i l i t i e s  and these became 
f u l ly  operat ional  about 15 months a f t e r  the s t a r t  of  the work. With both 
f a c i l i t i e s  op e ra t io n a l ,  i t  was necessary to carry  out comparative t e s t s  in 
the two f a c i l i t i e s .
4.3 Study of  f r o s t  heave c h a r a c t e r i s t i c s
The f r o s t  s u s c e p t i b i l i t y  o f  each of  the 30 shales  has been judged using 
the f r o s t  heave t e s t  ^ ) .  Measurements were made of  se lec ted  p ro p e r t i e s  of  
the individual shales so t h a t  each shale  could be c l a s s i f i e d  to see whether 
any of  these p roper t ies  could be used to  t e s t  f o r  possib le  c o r re l a t io n  with 
f r o s t  s u s c e p t i b i l i t y .  The so i l  p roper t ies  measured fo r  the various shales  
were:-
( i )  P l a s t i c  and l iqu id  l i m i t s ^ )
( i i )  P a r t i c l e  s ize  d i s t r i b u t i o n ,  including s e d i m e n t a t i o n ^ )
( i i i )  A b s o r p t i o n ^ )
In add i t ion ,  ce r ta in  d e l ib e ra te  depar tures  were made from the s tandard  pro­
cedure of  the f r o s t  heave t e s t  in order  to  examine the influence on the heaving 
process of  fac to rs  such as the degree of  compaction of  the t e s t  specimen.
A major p a r t  of  th i s  in v es t ig a t io n  r e l a t e s  to the e f f e c t  o f . cement on the 
heave of the sha les .  Specimens o f  cement s t a b i l i s e d  shale were sub jec ted  to  
the s tandard f r o s t  heave t e s t  a f t e r  they had been cured, a t  cons tant  moisture 
con ten t ,  fo r  seven days. Frost  heave t e s t s  were a lso  performed on specimens 
which had been cured fo r  longer periods so t h a t  f u r th e r  information could be 
obtained on the e f f e c t s  of cement s t a b i l i s a t i o n .
4.4 Study of  permeabi lity
I t  was f e l t  t h a t  permeabil ity  was l ik e ly  to be an important f a c t o r  in 
the heaving process of  both unbound and cement s t a b i l i s e d  shale  and measure­
ments were there fo re  made using drained t r i a x i a l  equipment fo r  these  t e s t s .
The t e s t s  were performed on s im i la r  specimens to those used fo r  the f r o s t  heave 
t e s t .  These t e s t s  have been ca r r ied  out on unbound shales  and on cement
s t a b i l i s e d  sha les .  A curing period of 7-days was provided in the l a t t e r  case,  
except for  t e s t s  undertaken a t  g re a te r  ages in order  to examine the e f f e c t s  of. 
curing time on permeabi l i ty .
4.5 Study of the s t reng th  of  the cement s t a b i l i s e d  shales 
Compressive, i n d i r e c t  t e n s i l e  and d i r e c t  (or u n ia x ia l ) t e n s i l e  s t reng th
t e s t s  were performed on 12 cement s t a b i l i s e d  sha les .  The specimens again were 
s im i la r  to the f r o s t  heave specimens in order  to allow poss ib le  c o r re l a t io n  
between the s t reng th  t e s t s  and the f reez ing  t e s t s .
In addit ion the compressive s t reng th  was determined so t h a t  the perform­
ance of the s t a b i l i s e d  shales  could be compared with the cu r ren t  requirements 
fo r  soi 1 - c e m e n t ^ ) .  Since the s p e c i f i c a t io n  r e l a t e s  to the s t ren g th  of  s o i l -  
cement specimens compacted to f i e l d  d en s i ty ,  some specimens were compacted to 
cover a range of  values o f  dens i ty  in order to judge the importance of  compac­
t ion .  At a l a t e r  s tag e ,  some information regarding f i e ld  compaction was 
obtained from a comprehensive f i e ld  t r i a l .
4.6 Study of heaving pressure
The f r o s t  heave t e s t  has the major disadvantage of the length o f  time
required to complete a t e s t ,  but in add i t ion  the t e s t  procedure i s  q u i te
involved and the apparatus i s  very expensive. The . l i t e r a t u r e  review drew
a t t e n t io n  to the poss ib le  merit  of r e s t r a in e d  heave pressure  measurements
as a means of  p red ic t ing  f r o s t  s u s c e p t i b i l i t y .  Tests of  t h i s  type ,  using
(42)apparatus based on work undertaken in the USA , were th e re fo re  undertaken 
on unbound and cement s t a b i l i s e d  sha les .  In addit ion some t e s t s  were c a r r i e d  
out in th i s  apparatus,  but without r e s t r a i n t ,  to measure heave.
CHAPTER 5
DEVELOPMENT OF FROST HEAVE EQUIPMENT
5.1 Introduction
The l i t e r a t u r e  review revealed t h a t  a g rea t  deal of work has been reported  
on the f r o s t  heave of s o i l s ,  both a t  a p rac t i c a l  level  and a t  a more fundamental 
leve l .  Much of  th i s  work is  based upon the use of  e i t h e r  the Road Research 
Laboratory f r o s t  heave t e s t ^ )  or the US Corps of Engineers F ros t  s u sce p t ­
i b i l i t y  t e s t ^ ) .  I t  is  i n t e r e s t i n g  to observe t h a t  a number of  f ea tu re s  are 
common to the two t e s t s ,  possib ly  because both approaches follow c lose ly  the 
ea r ly  work on f r o s t  ac t ion  by T a b e r ^ ) ^ ) ^ ® ) .
In the B r i t i sh  t e s t ,  on which the work reported in t h i s  t h e s i s  i s  based, 
the upper surface  of  a cy l in d r ica l  specimen, 152.4 mm (6 in) high and 101.6 mm 
(4 in) diameter,  is exposed to an a i r  temperature of  -17°C w h i l s t  the lower 
surface  is  in contact  with water a t  +4°C. The specimens are sub jec ted  to  
these  conditions fo r  a continuous period of  250 hours and the  t o t a l  heave is  
measured a t  the end of the t e s t  per iod.
The condit ions i t  imposes have been c o r r e l a t e d ^ )  with the f i e l d  behaviour 
o f  subgrade s o i l s  and subsequently extended to  sub-base and roadbase m a te r ia l s .  
Tests on subgrade mater ia ls  t h a t  experienced f r o s t  f a i l u r e  in  the severe  
winters  of  1940 and 1947, and on subgrade m ater ia ls  t h a t  behaved s a t i s f a c t o r i l y  
under s im i la r  cond i t ions ,  have enabled heave c r i t e r i a  to be chsoen. M ateria ls  
heaving less  than 12.7 mm (0.5 in) are judged to be s a t i s f a c t o r y ,  m a te r ia ls  
heaving 12.7 to 17.8 mm (0.7 in) are marginally f r o s t  s u sce p t ib le  w h i l s t  
mater ia ls  heaving more than 17.8 mm are very f r o s t  s u scep t ib le .
At the Road Research Laboratory the work on the f r o s t  heave t e s t  was 
c a r r ied  out in a cold room using s p e c ia l ly  constructed  t r o l l e y s ^ ) .  When 
th is  work was commended a t  the Universi ty of  Surrey, cold room f a c i l i t i e s  were 
not ava i lab le  and a deep f reeze cabinet  was modified in order  to car ry  out  
the t e s t  and subsequently a cold room was i n s t a l l e d .
When both f a c i l i t i e s  became ava i lab le  comparative t e s t s  were undertaken
to check the r e l i a b i l i t y  of  the deep f reeze  arrangement.  In ad d i t io n  to  the
t e s t s  on c o l l i e ry  shale  some t e s t s  were also ca r r ied  ou t ,  as pa r t  of  an 
i n t e r - l a b o ra to ry  c h e c k o r g a n i s e d  by the Sco t t i sh  Road Research Labor­
a to ry ,  on morainic g r a v e l , whinstone and s lag  m ate r ia ls .
5.2 Development of  the apparatus
5.2.1 Deep f reeze  cabinet  The development of  the deep freeze  t e s t i n g  
f a c i l i t y  was based upon the work published in 1967 by N e l l i s t ^ ^ ,  who 
adapted a deep f reeze cabinet  to t e s t  s ix  specimens. Using a s im i l a r  lay ­
out to t h a t  employed by N e l l i s t ^ )  , i t  was found t h a t  e ig h t  specimens, 
arranged in two rows of  four  with o f f s e t  cen t re s ,  could be accommodated in 
the cold chamber of  the cabinet  ava i lab le  a t  the U nivers i ty ,  as shown in 
Figure 5.1. Provision was then made fo r  support ing the specimens and fo r  
providing the required temperatures by following as c lose ly  as poss ib le  the 
system used in the Road Research Laboratory t r o l l e y .
A water bath ,  624 mm x 274 mm x 76 mm was made up from mild s te e l  
p l a t e ,  coated with several  layers  of gTass f ib r e  and p o lyes te r  r e s in  to 
prevent the formation of  r u s t ,  and f i t t e d  with two 250 watt  U-shaped immer­
sion heaters  and the sensing un i t  fo r  a thermoregulator .  The hea te rs  and 
the sensing un i t  were located a t  the mid-depth of  the water bath.
A wooden box, 624 mm x 274 mm x 254 mm was constructed in marine 
plywood, holes 111 mm diameter being formed in the base of  the box to  
receive the copper specimen c a r r i e r s .  Two addi t ional  h o le s ,  each 19 mm 
in diameter were provided fo r  the water bath thermoregulator  and fo r  a 
length of s t a i n l e s s  s tee l  piping used fo r  adding water to  the bath .  The 
level of water in the tank is  checked by means of a wooden dip s t i c k  which 
is  passed down the s t a i n l e s s  s tee l  pipe.
The water bath i s  posit ioned c e n t r a l ly  a t  the bottom of  the cooling 
chamber where i t  stands on a sheet  of expanded polystyrene 25 mm t h i c k ,  
polystyrene packing also being used to in su la te  the bath from the s ides  
of  the chamber. The wooden box r e s t s  on top of  the water  bath and the
T--T
j a g n L r a g s —  ^  i n ' l l  m I r i T l ^ f n
(a) General arrangement of the Deep Freeze Cabinet.
All dimensions in mms
133
m
254
604
(b) Plan of arrangement of the Inner Box of the 
Deep Freeze Cabinet.
(c) Plan of water tank with immersion heaters. FIGURE 5.1
copper specimen c a r r i e r s  pass through the base,  l i p s  formed on the c a r r i e r s  
ensuring t h a t  they do not pass completely through the holes .  The sp ec i ­
mens, once pos i t ioned in the c a r r i e r s ,  were each capped with a c i r c u l a r  
piece o f  hardboard formed with a cen tra l  dimple to receive 5 mm diameter  
brass push rods. The rods are  f ree  to s l i d e  in t ransverse  s tee l  loca t ing  
bars which r e s t  in s lo t s  cut in the top of  the wooden box.
A f l a t  l i d  was used ins tead  of  the hinged l i d  of  the cab ine t  so as to 
allow closing with the brass rods in p lace.  The l id  was made of  plywood 
13 mm th ick  backed with 50 mm of expanded polystyrene ,  the polystyrene 
being shaped so t h a t  there  was a 25 mm pro jec t ion  in to  the cold chamber.
Holes were d r i l l e d  in  the l i d  to accommodate the push rods and the s t a i n l e s s  
s te e l  p ipe ,  polystyrene bushes being provided to reduce temperature e f f e c t s .
Dial gauges held by magnetic s tands on a s te e l  frame followed the movement 
of the push rods.
However, i t  soon became apparent t h a t  the deep f reeze  u n i t  was not 
s u f f i c i e n t l y  powerful,  the a i r  temperature reading only -14°C ins tead  of  
-17°C as required fo r  the t e s t .  A more powerful u n i t ,  but with a cold 
chamber of  approximately the same s ize  (760 mm x 330 mm x 380 mm).was then 
used, but th i s  was only j u s t  capable of achieving and maintaining the 
required t e s t  temperature when the chamber contained the a n c i l l a r y  equipment 
and the fu l l  complement of specimens. In consequence, a more powerful 
r e f r i g e r a n t  (R502) was used and, in ad d i t io n ,  the e f f ic ie n c y  of  the u n i t  
was increased by providing an expansion valve,  a d r i e r  and a heat  exchanger.  
Whilst  th i s  modificat ion was being e f f e c te d ,  a thermostat  was provided to 
improve the control  of  a i r  temperature, the sensing u n i t  being located 
25 mm from the top and 25 mm from the s ide  of  the cold chamber.
Deta i ls  of the equipment are shown in Figure 5.1 and the t e s t i n g  arrangemen 
in operat ion i s  shown in P la te  5.1. The complete system has now been opera­
t iona l  fo r  2 |  years  and, apa r t  from an i n i t i a l  breakdown due to  a f a u l ty  
component in the r e f r i g e r a t i o n  u n i t ,  has given r e l i a b l e  s e rv ice  with minimal 
t rouble  during near-continuous, t e s t  runs.
General layout
Interior of cabinet
Plate 5*1 Deep Freeze Equipment
' 5 . 2 . 2  Cold room This was fab r ica ted  from standard sec t ions  and has 
a capacity  of 7 m3, the dimensions being chosen to accommodate two t r o l l e y s  
and with access fo r  the da i ly  measurement of  heave and topping up with 
water.
The cold room became operat ional  in September 1969 and i s  giving 
r e l i a b l e  se rv ice .  I n i t i a l l y  only one t r o l l e y ,  obtained on loan from the 
Road Research Laboratory, was used but subsequently two t r o l l e y s  were con­
s t ru c te d  a t  the Universi ty  to the same bas ic  design as the standard  t r o l l e y .  
The only a l t e r a t io n s  introduced involved using brass ins tead  of  copper fo r  
the specimen c a r r i e r s  and marine plywood ins tead  of  teak fo r  the  t r o l l e y  
wal ls  and inner  box, both changes being made to reduce co s t .  Deta i ls  o f  
the t r o l l e y  and the cold room are shown in P la te  5.2 . The s p e c i f i c a t i o n  
fo r  the cold room and the e l e c t r i c a l  components used in  the t r o l l e y s  Vs 
given in Appendix A.
5.3 Outline of  t e s t  procedures
5.3.1 Prepara t ion of t e s t  specimens The method fo r  preparing the 
t e s t  specimens was based on the procedure given in LR90^)  f o r  non-cohesive 
s o i l s  and granula r  m a te r ia l s ,  except fo r  c e r ta in  d e l ib e ra te  d e p a r tu re s ,  as 
fo l low s :-
( i )  With the exception o f  c e r ta in  t e s t s  ( ind ica ted  in the r e s u l t s ) ,  
the work has been car r ied  out on the mater ia l  passing the  19 mm 
s ie v e ,  so t h a t  the r e s u l t s  of  the compaction t e s t s  have been used 
without  the need for  any co r rec t ion  to allow fo r  the inc lus ion  of  
coarser  m a te r i a l . This i s  contrary  to the recommendations given in
(9)
LR90 1 , which permits the inc lus ion  of  materia l  passing the
50 mm (2 in) s ieve .  This was judged to be p re fe rab le  s ince  i t  reduced
operator  var iab le  and sub jec t ive  judgement.
( i i )  Specimens of ce r ta in  m ater ia ls  were found to be uns table  when 
made up a t  the standard condit ion and i t  was necessary to make small 
adjustments to the dry dens i ty  or moisture content  to produce specimens
Cold room & trolley
Interior of trolley
Plate 5*2 Cold Room Equipment
which did not slump on being extruded from the mould. Care was 
exercised in making such adjustments but the need fo r  so doing 
remained an unsa t i s fac to ry  fea tu re  of  the t e s t  procedure.
( i i i )  .To reduce the time spent on compaction s tu d i e s ,  cement 
s t a b i l i s e d  specimens were made up a t  the same moulding moisture 
content as t h a t  determined fo r  the unbound specimens. However, 
correc t ions  were made to the dry density  to allow fo r  the higher  
s p e c i f i c  g rav i ty  of the cement, compared with t h a t  of  the s h a le ,  
so t h a t  the t o ta l  a i r  voids content  was the same fo r  both the 
unbound and the cement s t a b i l i s e d  specimens.
Also fo r  p a r t  of the work th e .d e n s i ty  and/or  the moisture content  of  
the specimens were the chosen var iab les  and the procedure was modified to 
allow for  these changes.
5 .3 .2  Freezing t e s t  procedure For t e s t s  in the cold room the procedure 
followed the recommendations of  LR 9 0 ^ ,  except t h a t  the photographing of  
a l l  specimens was discontinued a f t e r  a t ime.
However, with the deep f reeze  cabinet  i t  was necessary to modify the 
standard procedure. Immediately a f t e r  the specimens were prepared they 
were placed in the v/ooden box of  the deep f reeze  cabinet  and surrounded 
with coarse sand. The water level in the tank was adjusted  to  the  required  
level using a dip s t i c k ,  and the specimens were l e f t  in the cab ine t  fo r  
24 hours,  a f t e r  which the l id  was pos it ioned  and the dial  gauges were 
located over the push rods. The water level was again checked, and topped 
up i f  requ ired ,  and i n i t i a l  readings of  the dial  gauges were taken and 
recorded. The un i t  was then switched on and every 24 hours t h e r e a f t e r  the 
gauges read and the water level checked u n t i l  the t e s t  was completed.
The temperature of the water, in the bath was also checked p e r io d ic a l ly  by 
lowering a thermometer down the s t a i n l e s s  s te e l  tube provided fo r  the water  
bath d ips t ick .
When t e s t s  were ca r r ied  out on cement s t a b i l i s e d  m a te r ia l s ,  a procedure 
not s p e c i f i c a l l y  covered in LR90, the specimens v/ere cured a t  cons tant  
moisture content fo r  the 7 day period between specimen prepara t ion  and 
the i n i t i a t i o n  of  the procedures r e fe r red  to  above. Any depar tures  from 
t h i s  curing period are re fe r red  to in the r e s u l t s .
5.4 Discuss ion 'o f  r e s u l t s  f o r  comparing the cold room and the deep ' f reeze
in terms of r e l i a b i 1i t y  and performance
Most of  the r e s u l t s  obtained fo r  th i s  comparison r e l a t e  to unbound 
and cement s t a b i l i s e d  c o l l i e ry  shales  so as to  provide a s u i t a b l e  bas is  
for  studying the t e s t  in r e l a t io n  to th i s  type of  mater ia l  and f u r t h e r  
work would be necessary in order t h a t  the v a l i d i t y  of  the conclusions 
may be judged fo r  o ther  m a te r ia l s .  However, r e s u l t s  are included fo r  
ce r ta in  other, m ater ia ls  and they seem to follow the general p a t te rn  
es tab l i shed  with the various shale specimens.
5.4.1 Performance and r e l i a b i l i t y  o f  the deep freeze  cab ine t  I t  i s  
apparent from the values given in Table 5.1 t h a t  there  i s  considerable  
s c a t t e r  in the r e s u l t s  obtained from individual  specimens with in  a given 
s e t ,  the range in values general ly  being of  the order  of  60% o f  the average 
value. The r e s u l t s  fo r  t e s t  s e r i e s  3 are  shown p lo t ted  in Figure 5 .2 ,  the  
range in values on completion of the t e s t  being 41% in t h i s  in s tance .  In 
Table 5.2 the r e s u l t s  are presented fo r  groups of  four  specimens and the 
s c a t t e r  is then grea t ly  reduced, suggesting t h a t ,  in s p i t e  of  the inheren t  
v a r i a b i l i t y ,  an acceptable es timate of  heave i s  obtained when i n t e r p r e t a t i o n  
i s  based on t e s t s  on four specimens in th i s  p a r t i c u l a r  equipment. .
Variat ions of  th i s  order  of  magnitude do not appear to be unique to  
the t e s t s  reported  in th is  th es i s  and are  understood to have been encoun­
tered elsewhere. Substantia l  v a r i a b i l i t y  has a lso  been r e p o r t e d (58)(66) 
in the United Sta tes  in connection with the US Army Corps of  Engineers '  
f r o s t  s u s c e p t i b i l i t y  t e s t .  The v a r i a b i l i t y  can probably be a t t r i b u t e d  
in pa r t  to d i f fe rences  in p a r t i c l e  s ize  d i s t r i b u t i o n  of  ind iv idual  specimens
Table 5.1 Frost heave values determined in the deep f reeze  
cabinet  and in the cold room
Test  No. Material Tested F a c i l i t y
No. of
Specimens
te s ted
Range mm Average
Heave
mmFrom To
1 Unburnt sha le ,  C h is le t  1
Deep Freeze 
Cold Room
8
3
5.9
8.1
12.2
11.7
9.2
10.0
2 Unburnt sha le ,  Ch is le t  2
Deep Freeze 
Cold Room
8
9
5.8
4.8
11.2
8.7
8.9
7.1
3 Burnt sha le ,  Binley 1
Deep Freeze 
Cold Room
8
8
16.3
14.0
24.2
28.6
19.4
18.9
4 Burnt sha le ,  Binley 2
Deep Freeze 
Cold Room
4
4
11.5
10.5
14.3
13.2
13.0
11.5
5 Burnt sha le ,  Binley 2
Deep Freeze 
Cold Room
4
4
11.5
14.3
16.0
16.8
14.0
15.0
6 Burnt sha le ,  Newdigate 1
Deep Freeze 
Cold Room
4
3
8.9
15.5
19.1
17.6
15.3
16.8
7 Burnt sha le ,  Newdigate 2
Deep Freeze 
Cold Room
4
3
12.5
12.7
20.7
15.0
18.1
14.3
8 Unburnt sha le ,  Cortonwood
Deep Freeze 
Cold Room
4
9
5.0
5.8
8.5
9.2
7.6
7.4
9 Crushed Rock Deep Freeze Cold Room
8
9
7.4
8.2
17.6
20.4
12.2
14.5
10 Slag Deep Freeze Cold Room
4
3
1.0
■i.o
1.3
1.8
1.2
1.5
11 Morainic gravel Deep Freeze Cold Room
3
3
15.3
16.0
22.7
17.9
18.6
16.8
12 Unburnt sha le ,  Peckfield
Deep Freeze 
Cold Room
4
9
5.3
5.1
7.4
7.9
6.4
6.4
13 Unburnt sha le ,  Rothwell 1
Deep Freeze 
Cold Room
4
5
10.4
9.4
13.8
13.0
12.0
11.5
14 Unburnt sh a le ,  Brodsworth
Deep Freeze 
Cold Room
8
3
4.3
4.8
8.7
7.7
6.4
6.4
15
Unburnt sha le ,  
Chis le t  3 s ta b ­
i l i s e d  with 
10% cement
Deep Freeze 
Cold Room
3
4
1.0
2.0
2.3
2.8
1.8
2.5
Unburnt sha le ,
16 Peckfield  s ta b ­ Deep Freeze 3 7.1 10.2 8.7
i l i s e d  with Cold Room 3 6.9 7.9 7.4
10% cement
Unburnt sh a le ,
17 Peckfield s t a b ­ Deep Freeze 3 7.1 15.5 11.5
i l i s e d  with Cold Room 3 10.7 12.0 11.2
5% cement
Unburnt sh a le ,
18 C h is le t  3 s ta b ­ Deep Freeze 1 -0 .8 -0 .8 -0 .8
i l i s e d  with Cold Room 3 -1.0 -0 .8 -0 .9
20% cement
v Burnt sha le , Deep Freeze 8 19.4 29.6 23.8A Rothwell 2 Cold Room 4 31.6 34.2 32.9
v Unburnt sh a le , Deep Freeze 8 19.6 44.1 30.6I Tilmanstone 1 Cold Room 3 40.1 71.2 50.8
7 Burnt sha le , Deep Freeze 4 20.4 34.4 25.8L Thorn!ey Cold Room 5 23.8 37.6 30.9
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Table 5.2 Analysis of r e s u l t s  obtained in the deep
freeze cabinet  with e igh t  nominally s im i la r  
specimen's ’
1 2 3 4 i
8 7 6 5
Arrangement of  specimens
Test No
Average heave, mm, fo r  groups of  specimens
All 1, 23, 4
5, 6 
7, 8
1, 2 
7, 8
3, 4 
5, 6
1 9.2 9.9 8.6 9.2 9.2
2 8.9 9.4 8.4 8.4 9.4
3 , 19.4 19.2 19.6 21.9 17.0
9 12.2 12.7 11.7 10.2 14.3
14 6.4 6.6 6.1 6.4 6.4
X 23.8 22.4 25.2 24.4 23.1
Y 30.6 31.0 30.0 31.3 29.7
made from a multi-specimen mix ( e i t h e r  2 or 3 specimens) and in  p a r t  to 
d i f fe rences  re su l t in g  from varying degrees, of p a r t i c l e  breakdown during 
specimen compaction coupled with the presence of  the dens ity  gradients  
which are l i a b l e  to occur when materia l  is  s t a t i c a l l y  compacted in a 
constant  volume mould.
In order  to ver i fy  t h a t  the equipment was achieving the required t e s t  
temperatures ,  temperature v a r ia t io n  with depth was measured using thermo­
couples located a t  25 mm in te rv a l s  down the v e r t i c a l  axis  o f  a non - f ros t
su scep t ib le  cement s t a b i l i s e d  specimen. The t e s t s  showed good agreement when
the two end specimens ( loca t ions  1 and 5 in Table 5.2) were excluded, the 
0°C zero isotherm being some 12 mm lower in the end two specimens than in
the remaining s ix  specimens and t h i s  has been confirmed by not ing the
pos i t ion  of  ice  lenses on completion of  t e s t  runs. This discrepancy was 
a lso  reported by N e l l i s t ^ ^  and i s  a t t r i b u t a b l e  to the f a c t  t h a t  these 
specimens, because of  the o f f s e t  centres  used to form the two a r r a y s ,  are 
c lose to  two cooling su r faces .  In Figure 5 .3 ,  the average temperature 
g rad ien t ,  excluding the two end specimens, i s  shown p lo t ted  and compared 
with the typica l  g rad ien t  given in LR90 and a lso  with the g rad ien t  sub­
sequently  measured a t  the Universi ty  when a cold room had been i n s t a l l e d .
Because of  the d i f f e r e n t  zero isotherm pos i t ion  in the two end sp ec i ­
mens, the r e s u l t s  given in Table 5.1 were re-examined. A comparison of  
the values based on a l l  r e s u l t s  ( e i t h e r  4 or  8) or excluding the end 
specimens (leaving e i t h e r  3 or  6) is  given in Table 5.3. Figure 5.4 gives 
the bes t  f i t  l ine  fo r  t h i s  r e l a t i o n s h i p  and th i s  ind ica tes  t h a t  excluding
the end specimens increased the average heave by 1 to 3 per  cent .  In view
of the overal l  v a r ia t ion  r e fe r red  to e a r l i e r ,  t h i s  discrepancy was not 
judged to be important and the average value fo r  a l l  specimens has th e re fo re  
been used in the in v es t ig a t io n .
5 .4 .2  Tests in the cold room I t  is  apparent  from Table 5.1 t h a t ,  
as in the case of t e s t s  in the deep f reeze  c ab in e t ,  there  i s  cons iderable
(1) Road Research Laboratory cold room
(2) University of  Surrey cold room
(3) University of  Surrey deep freeze
Temperature (°C)
-10  -8  -6  -4  -2  0 2 4 6
Depth of  
Specimen (mm)
125
150
-10 8 -4 2 0 62 4
FIGURE 5.3 TYPICAL TEMPERATURE GRADIENTS THROUGH NON FROST SUSCEPTIBLE
SPECIMENS
Table 5.3 Comparison of Frost  Heave r e su l t s  in the 
Deep Freeze Cabinet including or  excluding 
the ‘end1 specimens
Test
No
No. of 
Specimens
Average Heave (mm) Range (mm)
* Inc!uding Excluding Including Excluding
From To From To
.■ 1 8 9.2 10.2 5.9 12,2 7.1 12.2
2 8 8.9 8.7 5.8 11.2 7.1 12*. 2
3 8 19.4 19.6 16.3 24.2 16.3 24.2
4 4 13.0 13.5 11.5 14.3 12.5 14.3
5 4 14.0 15.0 11.5 16.0 14.5 16.0
6 4 15.3 17.0 8.9 19.1 14.8 19.1
7 4 18.1 19.1 12.5 20.7 18.1 20.7
8 4 7.6 7.6 5.0 8.5 5.0 8.5
9 8 12.2 13.2 7.4 17.6 7.9 17.6
10 4 1.2 1.2 1.0 1.3 1.0 1.3
12 4 6.4 5.8 5.3 7.4 5.3 6.6
13 4 12.0 11.2 10.4 13.8 10.4 13.8
14 8 6.4 6.6 4.3 8.7 4.8 8.7
X 8 23.8 23.9 19.4 29.6 21.6 29.6
Y 8 30.6 33.1 19.6 44.1 24.9 44.1
Z 4 25.8 25.6 20.4 34.4 20,4 34.4
20.0
17.5
Best s t r a i g h t  l ine
12.5
10.0
Hj = Average heave including end specimens 
Hr- ' -  Average heave excluding end specimens
17.5
FIGURE 5.4 RELATIONSHIP BETWEEN THE AVERAGE HEAVES BASED ON 
INCLUDING AND EXCLUDING THE TWO END SPECIMENS IN
THE DEEP FREEZeTABINET.
s c a t t e r  in tne r e s u l t s ,  tne range in values once more genera l ly  Demy ut 
the order  of 60% of the average value. The r e s u l t s  fo r  t e s t  s e r i e s  3 are 
shown p lo t ted  in Figure 5 .5 ,  the range in values on completion of  the t e s t  
being 77% in th i s  p a r t i c u l a r  ins tance .
In Table 5.4 the r e s u l t s  are presented fo r  groups of  th ree  specimens 
and the s c a t t e r  is  then g rea t ly  reduced except fo r  t e s t  s e r i e s  9 in which 
marked v a r ia t io n  s t i l l  remains and which cannot be explained.  I t  i s  a lso  
apparent  t h a t  loca t ion  5 in the t r o l l e y ,  the centre  of  the ar ray  of  9 
specimens, general ly  gives a heave in excess o f  the average value.  On 
balance, however, the r e s u l t s  obtained from a group of 3 specimens gives 
a reasonable in d ica t ion  of the heave based on the average of  a f u l l  s e t  
of 9 specimens.
The temperature g rad ien t  based on the average of  a l l  nine specimen 
lo ca t io n s ,  is  given in Figure 5.3 and is  in close  agreement with the typ ica l  
g radient  given in LR90 (9).
5 .4 .3  Comparison of deep freeze  cabinet  and cold room The main com­
par ison i s  r e s t r i c t e d  to specimens with heave values in the c r i t i c a l  range 
of 0 to 20 mm, i . e .  to values covering the range of  s a t i s f a c t o r y ,  marginally  
f r o s t  su scep t ib le  and very f r o s t  su scep t ib le  m a te r ia l s ,  although comments 
are a lso  presented concerning higher  heave values.
The r e s u l t s  given in Table 5.1 and p lo t ted  in Figures 5.6 and 5.7 show 
good agreement between t e s t s  ca r r ied  out in the two t e s t i n g  f a c i l i t i e s  
Using the method of l e a s t  s q u a r e s ^ )  , a bes t  f i t  s t r a i g h t  l i n e  has been 
f i t t e d  to  the r e s u l t s  and the equation of  t h i s  l in e  approximates c lo se ly  
to the l in e  of  e q u a l i ty ,  as can be seen when comparing Figure 5.6 with 
Figure 5.7. When the comparison i s  made with re spec t  to the 95 per  cent  
confidence l im i ts  the r e su l t s  are seen to  f i t  as c lo se ly  to the l i n e  of  
eq u a l i ty  as they do to the bes t  s t r a i g h t  l i n e .  In both cases the re  i s  only 
one r e s u l t  in 18 which does not l i e  within these l i m i t s ,  thus j u s t i f y i n g  the 
assumed normal d i s t r i b u t i o n .  Furthermore., each of  the 18 s e t s  of  r e s u l t s  
has been examined fo r  s ig n i f i c a n c e ,  using S tuden t 's  1t 1 t e s t ,  and none were
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Table 5.4 Analysis of r e su l t s  obtained in the cold room with 
nine nominally s im i la r  specimens
1 2 3
4 5 6
7
CO 9
Arrangements of specimens
Test  Series Average Heave, mm, for  groups of specimens
No. All 1 , 23
4, 5 
6
7, 8
9
1, 4 
7
2 ,
8
5 3, 6 
9 5
2 7.1 6.9 8.1 6.1 7.1 6 . 6 7.5 8.7
3 18.9 21.1 18.3 17.3 22.9 17. 0 18.3 21.5
8 7.4 7.1 8.1 7.1 8.2 7. 6 6.4 8.7
9 14.5 10.9 17.5 15.5 14.7 15. 6 13.2 20.4
12 6.4 6.1 6.1 7.0 6.4 6 . 9 6 .0 6 .8
Note: In t e s t  No 3 there  were only 8 specimens under t e s t
as specimen No 4 was a dummy containing thermocouples.
95% confidence l im i ts
Heave (Deep Freeze) mm
Best s t r a i g h t  l in e
Heave (Cold Room) mm
12.5
FIGURE 5.6 COMPARISON BETWEEN HEAVES DETERMINED IN THE COLD ROOM AND
DEEP FREEZE CABINET FOR SIMILAR SPECIMENS
95% confidence l imits
22.5
20.0
HEAVE (Deep Freeze) mm
17.5
12.5
10.0
Line of Equality
HEAVE (Cold Room) mm
10.0
FIGURE 5.7 COMPARISON BETWEEN HEAVES DETERMINED IN THE COLD ROOM
AND DEEP FREEZE CABINET FOR SIMILAR SPECIMENS
found to be so a t  the 5 per cent lev e l .
In ad d i t ion ,  a separa te  comparison has been made of the l im i ted  number 
o f  r e s u l t s  of  heave values within  the range of  25 to  50 mm, these  being 
obtained from the t e s t  s e r i e s  designated X, Y and Z in Table 5 .1 .  Although 
the r e s u l t s  from both the cold room and the deep f reeze cab ine t  c l a s s i f y  
a l l  th ree  m ater ia ls  as very f r o s t  su sc e p t ib le ,  the values recorded in the 
deep freeze  cabinet  are co n s is ten t ly  low and in the case of  t e s t  s e r i e s  X, 
the r e s u l t s  are  s ig n i f i c a n t l y  d i f f e r e n t  a t  the 5 per cent  level  of  s ig n ­
i f i c a n c e .  A possible  explanation fo r  th i s  behaviour may l i e  in the d i f f e r e n t  
values fo r  the two t e s t i n g  f a c i l i t i e s  of  the r a t i o  of  the area  of  water  
to the area  of  specimens, i . e .
Total surface  area of water bath - Cross sec t iona l  area of  specimens
Cross sec t iona l  area of  specimens
For the t r o l l e y  the r a t i o  i s  2.5:1 but fo r  the deep freeze  cab ine t  i t  i s  
only 1 .3 :1 .  I t  follows th a t  the f a l l  in water l e v e l ,  when ice  lenses  are 
forming during the 24 hour in t e rv a l s  between topping up the water  l e v e l ,  
wi l l  be almost twice as g rea t  in the deep freeze cab ine t  in comparison 
with the t r o l l e y .  This may lead to  reduced migration of  water  and thereby 
to reduced heaving. Furthermore, i f  the lowering of  the water  level  i s  
appreciable  perhaps of  the order  of  12 mm, the zero isotherm loca t ion  wi l l  
f lu c tu a te  and may influence the magnitude of the heave. These f a c t o r s ,  
although c h a r a c t e r i s t i c  of  the two t e s t i n g  arrangements,  are  l i k e l y  to 
be of  g rea te r  importance on mater ia ls  exper iencing pronounced heave and 
t h i s  i s  r e f l e c te d  in the r e s u l t s  obtained.
F ina l ly  the comparison of  the t e s t s  in the two f a c i l i t i e s  shows good 
agreement in terms of  the specimen temperature g rad ien t ,  the lo ca t io n  of  
the zero isotherm and the v a r a b i l i t i e s  of  the r e s u l t s .
I t  must be noted t h a t  th i s  comparison only applied  to  the cold room 
and the Universi ty  of  Surrey deep freeze  cab ine t  and t h a t  a s im i l a r  checking 
procedure should perhaps be undertaken in p rac t i ce  i f  a deep f reeze  u n i t  
i s  to be used.
5.5 Development of  a commercial deep f reeze cabine t
A combined p ro je c t  was undertaken with the Engineering In te l l ig e n ce  
Division of  the Department of  the Environment and a local r e f r i g e ra t i o n  
c o n t ra c to r ,  to design and produce a commercial deep f reeze cab ine t  s u i t ­
able fo r  performing the f r o s t  heave t e s t .  The design of  the i n t e r i o r  of  
the cold chamber, c lose ly  followed the layout of the inner  box o f  the Road 
Research Laboratory t r o l l e y ,  cooling p la te s  being used to produce the 
required temperature of -17°C in the a i r  space above the specimens. The 
need fo r  uniformity of  temperature in the water bath was taken in to  account 
by using a continuous .length of heating tube ,  so located t h a t  i t  followed 
the l in e  of  each group of  th ree  specimens. The values of  heave are measured 
by the movement of brass  rods passing through the l i d  of  the c a b in e t ,  
s im i la r  to the technique used with the deep f reeze  f a c i l i t y  developed a t  
the Universi ty .  The r e f r ig e r a t i o n  un i t  is  located alongside the cold 
chamber, and the prototype un i t  i s  shown in P la te  5.3.
The prototype cabinet  was produced in November 1970 and l im i ted  com­
parison ca r r ied  out between th i s  cabinet  and the cold room. The r e s u l t s  
are given in Table 5.5 and shown p lo t ted  in Figures 5.8 and 5 .9 .  The 
r e s u l t s  o f  thermocouple t e s t s  are p lo t t ed  in Figure 5.8 and show good 
agreement between the average temperature g rad ien t  of specimens in the 
cabine t  and in the cold room. In Figure 5.9 the r e s u l t s  of  the  c o r r e l a t i o n  
t e s t s  show good agreement between t e s t s  ca r r ied  out on nominally s im i l a r  
specimens in the cold room and in the commercial deep f reeze  cab ine t .  As 
a r e s u l t  of the experience gained in operat ing the prototype u n i t ,  c e r t a in  
modifications have been made to the design of  subsequent u n i t s .
5.6 Effects  of t e s t  condi tions on f r o s t  heave
This sec t ion  deals with the e f f e c t s ,  on f r o s t  heave, of  moulding moisture 
con ten t ,  degree of compaction and maximum p a r t i c l e  s iz e .
5.6.1 Moulding moisture content  and dry dens i ty  In ca r ry ing  out  the 
f r o s t  heave t e s t s ,  some specimens collapsed on ex t ru s t io n  from the moulds
General layout
Interior of freezing cabinet
Plate 5*3 Commercial Deep Freeze Cabinet
Table 5.5 Frost heave values determined in the
commercial deep freeze  cabinet  ancf 
in the cold room
Material te s te d TestNo F a c i l i t y
No of  specimens 
t e s ted
Range , mm, Average
Heave
mmFrom To
Unburnt sh a le , A Cabinet
i
9 4.6 8.2 6.4
Peckf ield Cold Room 9 5.1 8.0 6.4
Par t -burn t  sha le , B Cabinet 3 9.7 13.. 8 12.5Til manstone 2 Cold Room 3 8.2 11.2 9.9
Unburnt sha le ,
Chis le t  3, s ta b ­ r Cabinet 1 -0 .9 -0 .9 -0 .9
i l i s e d  with 20% 
cement
U Cold Room 3 -1 .0 -0 .8 -0 .9
Unburnt sha le , D Cabinet 3 8.7 10.2 9.2Bentley Cold Room 4 6.7 9.3 7.9
Burnt sha le , r Cabinet 4 26.2 33.9 29.8
Wheatley Hill t Cold Room 4 20.7 28.5 26.6
Burnt sha le , F- Cabinet 4 25.7 34.4 31.1Thorn!ey Cold Room 5 23.8 37.5 30.8
Unburnt s h a l e , r Cabinet 8 39.8 49.6 45.1
Tilmanstone 1 u Cold Room 3 40.0 79.1 50.8
(1) Road Research Laboratory Cold Room
(2) Standardised Deep Freeze Cabinet
Temperature (°C)
Depth of  
Specimen (mm)
125
150
-10 8 -46 2 60 2 4
FIGURE 5.8 TYPICAL TEMPERATURE GRADIENTS THROUGH NON FROST SUSCEPTIBLE
SPECIMENS.
HE
AV
E 
(S
ta
nd
ar
di
se
d 
De
ep
 
Fr
ee
ze
) 
m
m
when made up to the moisture content  and dry density  values required fo r  
non-cohesive m ater ia ls  ^  j these being the values e s ta b l i sh ed  in 
a BS standard compaction t e s t  Adjustments are permitted  to these
parameters in order  t h a t  s tab le  specimens can be produced but i t  was 
judged necessary to examine the l ik e ly  e f f e c t  of  these changes on the 
measured f r o s t  heave. This p a r t i c u l a r  study was ca r r ied  out  on unbound, 
c o l l i e ry  sha le ,  the t e s t s  r e l a t in g  to two burnt and seven unburnt sha les .  
The specimens were produced following the standard procedure,  except t h a t  
theyw ere  prepared a t  moulding moisture contents  and dry d e n s i t i e s  o ther  
than those obtained from the BS standard compaction t e s t .  Apart from these 
dif fe rences  the p r e - t e s t  s a tu ra t io n  and the f reez ing  procedures were 
exact ly  the same as fo r  the normal f r o s t  heave t e s t s .  The r e s u l t s  of  
th i s  study are summarised in Table 5.6.
The r e s u l t s  obtained on both burnt  and unburnt shale a re  shown p lo t te d  
in Figures 5.10 and 5.11 and follow a pa t te rn  in which heave increases  
with decrease in dry density  or  with increase in moisture content  a l though,  
due to the s c a t t e r  in r e s u l t s ,  only 8 out of 28 of  the d i f fe ren ces  are  
s t a t i s t i c a l l y  s ig n i f i c a n t .  Both changes permit water to  be more e a s i ly  
t ranspor ted  to the f reezing  f ro n t .  The decrease in dry dens i ty  is  probably 
accompanied by an increase  in p e r m e a b i l i t y ^ ^  which outweights o ther  
fac to rs  such as void s ize  and the assoc ia ted  e f f e c t s  of supercooling.  The 
increase in moulding moisture content produces an increase  in the degree of  
s a tu ra t io n  so th a t  there  is  more water ava i lab le  within the sample, 
together  with an increase  in the number of  continuous flow channels between 
the water supply and the f reez ing  f ro n t .  This behaviour i s  in agreement 
with work published in North A m e r i c a ^ ^ ^ ^ .
In the case of B u l lc ro f t  and Chis1e t  sh a le s ,  the increase  in heave 
would lead to a non-fros t  suscep t ib le  mater ia l being c l a s s i f i e d  as f r o s t  
su scep t ib le .  Thus i f  i t  should be necessary to ad ju s t  the moulding 
moisture or the dry deni s t y ,  th i s  study shows th a t  heave wi l l  be a f fe c ted  
so t h a t  comparison with the standard c r i t e r i a  would be misleading.
Content on Frost Heave
Sample Dry Density (Mg/m3)
Moulding Moisture 
Content
m
No of 
Specimens
Average
Heave
(mm)
UNBURNT
Bedlay 1.84 9 6 7.9*
1.76 9 3 9.9
1.68 9 3 12.2
1.92 9 3 6.4
1.76 12 4 10.1
Bull c r o f t 1*68 13 4 7.4*
1.60 13 4 . 15.5
1.60 8 3 15.0
1.60 18 3 18.8
Chis le t  4 2.00 8 . 8 10.9*
1.92 8 3 15.4
1.84 8 3 17.5
1.92 4 3 13.0
1.92 12 3 16.8
Cortonwood 1.95 . 9 9 7.4*
1.87 9 3 8.2
1.79 9 3 11.4
1.87 12 3 10.9
1.87 5 4 5.7
Peckfield 1.65 13 9 6.4*
1.57 13 4 6.2
1.49 13 4 - 6.3 -
1.49 18 4 7.6
1.49 8 4 4.5
Table 5.6 (Continued)
UNBURNT (Conti
.
nued)
Snowdown 1 1.86 - 6 8 4.1*
1.83 6 4 5.7
1.86 11 4 4.2
Tilmanstone 1 1.55 12 3 50.8*
1.47 12 3 51.0
1.39 12 3 57.8
BURNT '
Binley 1 1.94 13 8 18.9*
1.97 11 3 15.4
1.94 11 3 * 16.2
1.86 11 3 18.0
Newdigate 1 1.79 17 3 16.8*
1.91 •14 4 13.2
1.79 14 4 14.2
Note: Those r e s u l t s  marked * r e l a t e  to s tandard moulding moisture
content and dry dens i ty .
20
18
16
14
12
10
8
6
4
2
Binley
Heave (mm) Chis le t
Cortonwood
Bed!ay
Dry Density (Mg/m3)
  i t_______________ t_______________ % .  i i — t —
1.70 1.74 1.78 1.82 1.86 1.90 1.94 1.98
Figure 5.10 Heave p lo t ted  against  Dry Density for  specimens produced 
a t  constant  moulding moisture content ~  : ~~
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Moulding Moisture Content (%)
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Figure 5.11 Heave p lo t ted  aga ins t  Moulding Moisture Content fo r  
specimens produced a t  constant  dry d ens i ty .
5 .6 .2  Maximum p a r t i c l e  s ize  Most of  the samples cons is ted  of 
material t h a t  had been screened, a t  source,  on a 19 mm mesh, although 
some of  th e .sh a le s  had been screened on a 38 mm mesh. In order  to  check 
the e f f e c t s  of the maximum p a r t i c l e  s ize  on heave, specimens of  the same 
shale were made up with material screened on a 38 mm mesh, and with mater ia l  
t h a t  had been f u r t h e r  screened on a 19 mm mesh. The amount of  th i s  over­
s iz e  material  was g enera l ly ,  le ss  than 15 per cen t ,  and so th e re fo re  only
a s l i g h t  co r rec t ion  was made to the dry d e n s i t y T h e  s tandard  t e s t  
procedure was followed in th i s  in v es t ig a t io n  and the r e s u l t s  a re  summarised 
in Table 5.7 . They r e l a t e  to  two burnt  and four unburnt sha le s .
The r e su l t s  show th a t  the removal o f  the 38 to 19 mm coarse mater ia l  
leads to an increase  in heave. Thus t e s t i n g  of  the 19 mm f r a c t i o n ,  as 
was followed throughout the main in v e s t ig a t io n ,  is  l i k e ly  to  over-es t imate  
the f r o s t  heave so t h a t  the r e s u l t s  o f  such t e s t s  wil l  be conse rva t ive .  
Similar  findings have been reported in North A m e r i c a ^ ^ ^  with o ther  
m a te r ia ls .
The explanat ion of th i s  behaviour is  t h a t  coarser  p a r t i c l e s  lying 
across the f reezing f ro n t  do not con tr ibu te  to the heaving a c t i v i t y  and, 
in f a c t ,  i n h i b i t  i t .  I t  has been s u g g e s t e d t h a t ,  j u s t  as a load on
the so i l  r e s i s t s  the heaving fo rces ,  embedded coarse p a r t i c l e s  o f f e r
f r i c t i o n a l  and displacement r e s i s ta n ce  to the heave forces  generated 
a t  the f reezing f ro n t .  In addi t ion  these p a r t i c l e s  a l t e r  the physical 
so i l  system with respec t  to the c a p i l l a ry  water supply and the q u an t i ty  
of so i l  f in e s ,  and also  on the microscopic scale  they d i s t u r b ^ )  the 
heat  conduction.
5.7 Conclusions
I t  would appear t h a t  t e s t s  can be undertaken s a t i s f a c t o r i l y  in a 
deep f reeze  cabinet  providing th a t  care i s  taken to, ensure compliance 
with the required t e s t  condi t ions.  V er i f ica t ion  of  a cab ine t  might be 
des i rab le  in terms of the temperature gradient  toge ther  with e i t h e r  a
Table 5.7 Effec t  of Maximum P a r t i c l e  Size on Frost  Heave
19 mm maximum s ize 38 mm maximum s ize
Sample No of 
Specimens
Average 
Heave (mm)
No of 
Specimens
Average 
Heave (mm)
UNBURNT
Chi s l e t -'1 8 9.2 4 8.9
Chis le t  4 8 10.9 4 9.9
Cortonwood 9 7.4 3 7.4
Snowdown 2 8 6.1 4 5 . 0 ^ ^
BURNT
Newdigate 1 3 16.8 3 14.2
Granvil le 3 19.2 3 17.3
All specimens prepared a t  the s tandard 
moisture content  and dry density
( i )  Maximum p a r t i c l e  s iz e  50 mm.
check s e r i e s  of  t e s t s  fo r  comparison with a cold room or t e s t s  on a 
standard material  of  known heave.
The r e s u l t s  emphasise the need to  adhere to the standard procedures 
for  making and t e s t i n g  specimens.
COMMENTS ON THE ROAD RESEARCH LABORATORY FROST HEAVE TEST
6.1 In troduct ion
Much of  the experimental work reported  in t h i s  t h e s i s  has involved the
(g\
Road Research Laboratory f r o s t  heave t e s t v ' , which has been used as the 
basis f o r  judging the f r o s t  s u s c e p t i b i l i t y  of the various m a te r ia ls  examined. 
As p a r t  of the work much e f f o r t  has been expended on c o r r e l a t in g  the r e s u l t s  
obtained in a cold room and in a deep f reeze cabinet .  In the course o f  the 
study c e r ta in  anomalies in the t e s t  have become apparent and, wherever 
po ss ib le ,  suggest ions are made fo r  overcoming or  minimising the d i f f i c u l t i e s  
detected .
19)The t e s t  was developed a t  the Road Research Laboratory in 1945v ' 
fo r  assess ing  the f r o s t  s u s c e p t i b i l i t y  of s o i l s  and road m a te r ia l s .  An 
in te rna l  r e p o r t c o v e r i n g  the t e s t  procedure was av a i lab le  from the  Road
Research Laboratory in 1965, although fu l l  d e t a i l s  were not publ ished u n t i l
(9) (9)1967 . In the 1967 p u b l ica t io n ,  LR 90 , the r e s u l t s  obtained over a
period of 10-15 years  were included together  with general conclusions  regard­
ing the f r o s t  s u s c e p t i b i l i t y  of  the various types of  mater ia l  t h a t  had been
examined. Since 1967 the t e s t  has become very important in r e l a t i o n  to  sub-
0 3 )grade s o i l s  and, in the  current  ed i t ions  of the DoE S p ec i f ic a t io n  and 
Road Note 29 0 5 ) ,  i t  i s  the mandatory t e s t  when doubt e x i s t s  regarding the 
d u ra b i l i ty  of  sub-base and roadbase m a te r ia l s .  Yet i t  i s  one o f  the few 
t e s t s  fo r  which the procedure i s  not f u l l y  d e ta i l ed  and sp ec i f i e d  by the 
B r i t i sh  Standards I n s t i t u t i o n .
Only a l im ited  number of  commercial l ab o ra to r ie s  were in a p o s i t io n  to 
carry  out the t e s t  when th i s  study .was commenced, and t h e i r  equipment 
usually  consis ted  of a modified deep freeze  cab ine t .  No comprehensive study 
had been published a t  t h a t  time comparing the r e s u l t s  of  t e s t s  in a s tandard  
cold room with those in a modified deep freeze  cabinet  and i t  i s  was th e re fo re  
necessary to carry  out the comparison reported in Chapter 5 in order  t h a t  the 
r e s u l t s  from the deep freeze  could be used with confidence. Cer ta in  s h o r t ­
comings in the standard t e s t  procedure have, however, become apparent during 
th i s  work.
Although d e t a i l s  of the t e s t  procedure have been av a i lab le  (9) f o r  over 
seven y e a r s ,  very l i t t l e  add i t iona l  information has meanwhile appeared in 
the technical  press .  The main reasons suggested fo r  th i s  are as fo l low s :-
( i )  Based on comments made by personnel from o the r  
l a b o r a to r i e s ,  i t  appears t h a t  the t e s t  procedure has been 
in te rp re te d  l i b e r a l l y  in some in s tan ces ,  e .g .  water  supply 
maintained a t  +6°C to prevent ice  growth a t  the water s u r ­
face.  Therefore some anomalies in the t e s t  procedure have 
not been de tec ted .
( i i )  The t e s t  procedure is qu i te  involved and the 
apparatus expensive, with the r e s u l t  t h a t  some organ isa t ions  
have avoided doubtful mater ia ls . .
In consequence, the t e s t  has not as y e t  been ex tens ive ly  used by 
the road cons truc t ion  industry  and high q u a l i ty  road m ate r ia ls  are  being 
used where, probably, waste and low cost  mate r ia ls  might have been s u i t a b l e .  
Therefore, in an at tempt to  promote the use of the t e s t ,  suggest ions  are 
made in th i s  chapter  fo r  improving and, wherever p o ss ib le ,  s im plify ing  
these  procedures.
Most o f  the points  discussed in the following paragraphs have a r i sen  
w h i l s t  carry ing out t e s t s  on c o l l i e r y  shale  but they may well apply to 
o ther  m a te r ia ls .
6.2 Preparat ion of the t e s t  specimens
6.2.1 Non-cohesive m ater ia ls  For non-cohesive m ate r ia ls  LR 90 requ i res  
t h a t  the BS compaction t e s t  (14) (2.5 kg hammer) i s  c a r r ied  out  on the  minus 
19 mm ( |  in) f r a c t i o n ,  to determine the optimum moisture content  and the 
maximum dry dens i ty .  Coarser material up to 50.8 mm (2 i n ) ,  may then be
added and a co r rec t ion  made by the operator  to the dry dens i ty  to allow 
for  th i s  f r a c t io n .  This co r rec t ion  should "be such th a t cru sh ing o f  the  
m a te r ia l i s . avo ided  when making the specim ens",  and the advice given is  
to re ly  on t r i a l  and e r r o r .  This is c le a r ly  a major source of  po ten t ia l  
e r ro r  and a number of points  need to be cons idered:-
(a) The use of mater ia l  up to 50.8 mm s iz e  in a 152.4 mm 
x 101.4 mm diameter mould i s  to be deprecated ,  s ince  a s in g le  
piece of 50.8 mm mater ial may take up over 10 per  cent  of  the 
volume of the mould. In concrete technology a f a c to r  o f  4 is  
recommended fo r  the r a t i o  between the maximum p a r t i c l e  s i z e  
and the l e a s t  dimension of  the mould and th i s  approach i s  
followed in the BS Compaction t e s t . As f u r th e r  evidence 
on t h i s  p o in t ,  in the US Army Corps of Engineers'  f r o s t  
s u s c e p t i b i l i t y  t e s t ^ )  a maximum stone s ize  o f  50.8 mm is  
permitted but in a mould measuring 152.4 mm x 152.4 mm 
diameter ,  which has over twice the volume of the B r i t i sh  mould.
(b) The app l ica t ion  of a cor rec t ion  f a c to r  on a t r i a l  
and e r ro r  basis  fo r  the coarser  materia l is  perhaps admiss- 
able with an experienced operator  working in a research 
labora to ry ,  but i t  does not in sp i r e  confidence under less  
ideal circumstances.
(c) The requirement t h a t  crushing should be avoided 
i s  u n r e a l i s t i c  with a mater ia l of  r e l a t i v e ly  low s t r e n g t h ,  
such as unburnt c o l l i e r y  shale .  This comment is  a lso  l i k e l y  
to apply to mater ia ls  such as chalk. Tests undertaken in 
t h i s  study have shown qu i te  c lea r ly  t h a t  the shales  break­
down under the act ion  of the hammer in the BS Compaction t e s t ,  
so t h a t  th i s  requirement is  e i t h e r  u n r e a l i s t i c  or per  se i t  
excludes the cons idera t ion of mater ia ls  of t h i s  type.
(d) I t  i s  a lso  worth noting t h a t  LR 90 s ta t e s  t h a t  
"the non-cohesive samples t e s t e d  were• compacted a t  or c lo se  
to  th e  BS compaction c o n d itio n ". In the absence of an 
experienced operator  such a phrase could lead to specimens 
being made-up a t  moisture content  and dry density  values 
appreciably d i f f e r e n t  from the values determined in the com­
paction t e s t .
(e) With c lean ,  granular  m ater ia ls  (not more than 10 per 
cent  f in e r  than 75 ym) d i f f i c u l t y  has been experienced with 
some of  the shales  in producing specimens to the required  values 
of  density  and moisture content  due to a lack of cohesion
to bind the material  toge ther .  This problem is  r e fe r re d  to 
in LR 90 where a moulding moisture content is  mentioned, 
th i s  being the value a t  which s ta b le  specimens could be formed.
Some of the values given ^  fo r  burnt c o l l i e ry  shale  are  very 
much lower than the published r a n g e d o f  values fo r  
both optimum moisture content and maximum dry dens i ty .  No 
c le a r  guide is  given for  a r r iv ing  a t  the moulding moisture con­
t e n t ,  n e i th e r  is  the e f f e c t  of  using a lower value of  moisture 
content discussed in r e l a t io n  to c la s s i fy in g  f r o s t  s u s c e p t i b i l i t y .
6 .2 .2  Cohesive mater ia ls  For cohesive s o i l s  LR 90 s t a t e s  t h a t  
"the usual le v e l  o f  compaction adopted corresponds to  5 p e r  c en t o f  
a ir  vo id s  a t  the  n a tu ra l m oisture co n ten t o r3 i f  the l a t t e r  i s  
n ot knoiMj a t  a m oisture con ten t o f  2 p e r  cen t above th e  p l a s t i c  
l i m i t ”. This procedure is  unsa t i s fac to ry  because one of  two values of 
moisture content  can be se lec ted .  Furthermore no c le a r  guidance is  
given regarding the d e f in i t io n  of cohesive and of  non-cohesive m ate r ia ls  
a c l a s s i f i c a t i o n  which can be made in several  ways. Thus the c l a s s i f i c a  
t io n  of  ce r ta in  s o i l s  w i l l  govern the compaction s t a t e  adopted fo r  the 
specimens and, with mater ia ls  such as some of the unburnt sha les  which
are border l ine  between cohesive and non-cohesiye, th i s  decis ion may well 
a f f e c t  the r e s u l t  of the t e s t .
A suggested approach fo r  specimen p repara t ion ,  would be to produce 
them a t  the expected f i e l d  density  and the probable f i e l d  moisture con ten t ,  
when these are known, s ince  both of  these fac to rs  have been shown to be 
major inf luences  in the heaving process of  c o l l i e r y  sh a le ,  and of  some o ther  
engineering s o i l s (68) (69 )(jnder such cond i t ions ,  i t  i s  more l i k e l y  t h a t  
s t a b le  specimens wil l  be produced. In addi t ion  revised heave c r i t e r i a  
would need to be e s tab l i sh ed .
With t h i s  approach, i t  would be necessary to carry  out a f i e l d  com­
paction t r i a l  in order  to  judge the f r o s t  s u s c e p t i b i l i t y  o f  a p a r t i c u l a r  
m a te r ia l ,  although the r e s u l t s  obtained from the labora tory  compaction 
t e s t s ^ )  could be used ins tead .  For granular  sub-base and cement
(141s t a b i l i s e d  mater ia ls  the appl icable  t e s t  is  the v ib ra t ing  hammer t e s t ' 1 7
(91For sub-grade s o i l s ,  which are covered by a method s p e c i f i c a t i o n v 1 , the
(141re s u l t s  of a BS heavy compaction t e s t v 1 could be used f o r  specimen
(721preparat ion  since  i t  has been shown t h a t v ' s im i la r  compaction
s t a t e s  can be achieved in the f i e l d  with modern compaction p la n t .  This
change would also require  a re-examination of  the heave c r i t e r i a .  In
addi t ion the compaction t e s t s  are normally c a r r ied  out on the mater ia l
passing a 19 mm s ieve ,  and so i t  i s  recommended t h a t  the t e s t  procedure
would be s im pl i f ied  by using th i s  f ra c t io n  f o r  specimen p repara t ion .  I t
(391has been shown, both in Chapter 5 and elsewhere , t h a t  the coa rse r  
p a r t i c l e s  merely i n h i b i t  the heaving process and so t h e i r  removal should 
not lead to  suspect m ater ia ls  passing the t e s t .
6.3 Minor anomalies in the t e s t  procedure
6.3.1 Water supply a t  the base of the t r o l l e y  The water  used in the 
bath i s  not spec i f ied  and i t  appears to  be common p rac t ic e  to use tap water .
Traces of various chemicals are found in most supplies  and th i s  could lead 
to  d i f fe rences  in the r e s u l t s  on perhaps a regional basis . .  I t  may be pre­
fe rab le  to  specify  the use of d i s t i l l e d  water and f o r  th i s  requirement to  
be meaningful,  d i s t i l l e d  water should perhaps also  be used f o r  specimen 
p repara t ion .  I t  is  worth noting t h a t ,  in the USA^58) and in Canada^3 ) 
d i s t i l l e d  water i s  used fo r  a l l  work concerned with t e s t s  r e l a t i n g  to f r o s t  
ac t i  on.
The t e s t  procedure given in LR 90 c a l l s  fo r  the d a i ly  add i t ion  of  
water a t  +4°C and th i s  i s  s t ra igh tfo rw ard  with a cold room where the water 
can be ch i l l e d  before use. However, th i s  is  more d i f f i c u l t  with a deep 
freeze cabinet  s ince  the l i d  i s  normally closed fo r  the f u l l  t e s t  period 
and a second cabinet  or r e f r i g e r a t o r  is the re fo re  required f o r  cooling . 
the topping-up water.  This p a r t  of  the procedure has been checked by 
using topping-up water a t  +4°C and room temperature (approx +20°C) and 
no s ig n i f i c a n t  d i f fe rences  were found between the r e s u l t s  of  the  two s e r i e s  
of  t e s t s .  However, with a shallow water  ba th ,  the add i t ion  of  water a t  
room temperature, could s ig n i f i c a n t l y  r a i s e  the temperature o f  the  water  
supply and so i t  i s  recommended t h a t  the minimum depth of  water  should be 
80 mm as in the RRL t r o l l e y .
(9)6 .3 .2  Sand packing around the specimens The packing i s  to be 
of dry,  coarse sand although no c l e a r  s p e c i f i c a t io n  is  given and, f o r  
example, one commercial laboratory  is  known to have used a f i n e ,  damp 
sand. The s tan d a rd isa t io n  of  the sand could be improved by spec i fy ing  
the grading to be used and requir ing  the sand to be oven dr ied  before use. 
A l te rna t ive ly  the use of d r i l l e d  polystyrene blocks might be considered.
6 .3 .3  Spec i f ica t ion  of  the t r o l l e y  No de ta i l ed  measurements are 
given in e i t h e r  LR 90 or the unpublished Laboratory N o t e ^ 8 ) , and only 
l imited  information i s  given regarding the m ater ia ls  used, so t h a t  no 
guidance i s  read i ly  ava i lab le  to ensure uniform production' . The measurements
used fo r  the two t r o l l e y s  b u i l t  during th i s  work were taken d i r e c t ly  from 
a t r o l l e y  obtained on loan from the Road Research Laboratory. The 
uniformity of the t e s t  equipment could be improved by providing more 
d e t a i l s  in LR 90.
A f u r th e r  point  concerning the t r o l l e y s  i s  t h a t  they are excessively  
t a l l  f o r  the s ize  of  the specimen employed and i t  may be t h a t  they can 
be reduced in he igh t ,  thus making them cheaper to  cons truc t  and e a s i e r  
to manoeuvre.
6.4 The i n t e r p r e t a t i  on of  the t e s t  r e s u l t s
6.4.1 General comments The f i r s t  point concerns the number of  
specimens to be t e s t e d  since  a wide range of values can be obtained from 
the individual  r e s u l t s  of  nominally s im i la r  specimens. Although no guid­
ance is  given in LR 90 regarding the minimum number o f  specimens to be 
t e s t e d ,  the unpublished Note recommends t h a t  a t  l e a s t  th ree  specimens should 
be t e s t e d  in order to  e s ta b l i sh  a r e p re s e n ta t iv e ,  average value fo r  heave. 
This should be s ta t e d  in LR 90. I f  the average value thus obtained leads 
to  a mater ia l  being c l a s s i f i e d  as b o rd e r l in e ,  i t  may be advisable  to 
recommend a fu r th e r  t e s t  with nine nominally s im i la r  specimens in order  
to c l a s s i f y  the material  with c e r t a in ty .  Throughout th i s  s tudy ,  the t e s t s  
in the cold room were performed on a minimum of three  specimens w h i l s t  
those in the deep f reeze  were performed on a minimum of four  specimens.
The length of the t e s t  i s  a major drawback and i t  would be useful i f  
heave could be r e l i a b ly  es timated from the ea r ly  behaviour.  An inspec tion  
of  the heave^-time r e s u l t s  fo r  various c o l l i e r y  shales  showed t h a t  the 
r a te  of  heaving was general ly  reduced a f t e r  four days of  f r e e z in g ,  of ten 
approaching zero by the completion of the t e s t .  I t  was th e re fo re  decided 
to examine whether the heave a f t e r  100 hours of f reezing could be used to 
es t imate  the heave a t  250 hours,  s in ce ,  with the 24 hour p r e - t e s t  soaking 
per iod ,  a f u l l  run could then be undertaken during a working week.
For the unbound and cement s t a b i l i s e d  shales t e s t e d  the mater ia l  i s
almost c e r t a in ly  non-f ros t  su scep t ib le  i f  the heave a f t e r  100 hours i s  less  
than 9.5 mm, the r e s u l t s  leading to th i s  conclusion being shown in Figure 
6.1.  When, however, t h i s  approach was appl ied to  the values given for  
various m ater ia ls  in LR 90 no well defined r e l a t io n s h ip  could be detected .
Although there  does not appear to be a unique f a c to r  fo r  pred ic t ing  
the f ina l  heave from the 100 hour value,  appropria te  f ac to rs  could possibly  
be e s tab l i shed  fo r  various types of  m a te r ia l ,  or a t  l e a s t  fo r  non-cohesive 
m a te r ia ls .  An examination o f  the published r e s u l t s ^  fo r  cohesive mate r ia ls  
and chalk suggest  t h a t  they are not amenable to  t h i s  type of  ana lys is  and, 
unlike  the non-cohesive m a te r ia l s ,  t h e i r  r a t e  of  heave does not in general 
reduce a f t e r  four days of f reez ing .
6 .4 .2  Comments on unbound m a te r ia l s . The heave c r i t e r i a  are^based on
the r e s u l t s  of t e s t s  on mater ia ls  from s i t e s  where f r o s t  f a i l u r e  occurred,
or  did not occur,  in the severe winters  of  1940 and 1947, although no
in d ica t io n  of  the c o r re la t io n  between heave in the t e s t  and in the road
(741pavement is  given. .In an unpublished Laboratory Notev ' i t  is  s t a t e d  
t h a t  small heaves, of  the order  of  6.3 to 19.0 mm ( a to f in)  are  not in 
themselves s e r io u s ,  and th i s  taken toge ther  with the information in LR 90 
would seem to ind ica te  t h a t  a heave of approximately 12.7 mm (0.5 in)  in 
the t e s t  implied s im i la r  heave in a road pavement. In view of  the lack 
of d e ta i l ed  information on th i s  point  i t  would appear t h a t  t h i s  in fe rence  
is  the only guide ava i lab le  a t  present .
A re-examination of  the heave c r i t e r i a  may be d es i rab le  in view of 
cu r ren t  requirements fo r  pavement performance and also  because of the 
improved understanding of  the mechanism of  f r o s t  heave.
The acknowledged se v e r i ty  of the t e s t ,  compared with f i e l d  cond i t ions ,  
should also be reconsidered. When the t e s t  was f i r s t  developed, the 
compaction level achieved in the f i e ld  was compatible with values determined 
in the BS standard compaction t e s t ^ ^ ^  bu t ,  with the compaction p la n t  and 
construc t ion  techniques cu r ren t ly  in use, higher  d e n s i t i e s  can now be
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achieved which more c lose ly  agree with those of  the BS heavy compaction
(14) (14)
t e s t  , or even the BS v ib ra t ing  hammer t e s t '  . Thus the co r re la t io n
between laboratory  and f i e ld  performance t h a t  is  im p l ic i t  in LR 90 may
no longer be v a l id ,  s ince i t  has been shown in Chapter 5 that .changes  in
the compaction s t a t e  inf luence f r o s t  heave.
As a r e s u l t ,  a mater ia l could be c l a s s i f i e d  as f r o s t  su scep t ib le  when 
te s t e d  under the standard  cond i t ions ,  y e t  i t  may not produce any d is ru p t iv e  
heave when used in w e l l - c o n t ro l le d  highway cons truc t ion .  The t e s t  may 
the re fo re  be too severe so t h a t  m ater ia ls  which would be s a t i s f a c t o r y  in 
the f i e l d  are f a i l e d  in the t e s t .  This could be overcome by producing t e s t  
specimens a t  the estimated, f i e ld  compaction s t a t e ,  but i t  must be noted 
t h a t  such a change would require  a rev is ion  of  the heave c r i t e r i a .
In the United Kingdom, a neglected aspect  of  f r o s t  damage i s  the loss
in bearing capacity  t h a t  accompanies the thawing of  frozen m a te r ia l .  This 
problem is  not considered in the f r o s t  heave t e s t ,  but i t  i s  very important  
with some m ater ia ls  s ince  the loss in bearing capacity can be more damaging 
than the actual heave. Indeed d i f f e r e n t  c r i t e r i a  may be necessary f o r  
judging r e s i s ta n ce  to  f r o s t  damage of  d i f f e r e n t  m a te r ia l s ,  but  t h i s  i s  
outs ide the scope of  the present  study.
6 .4 .3  Comments on cemented m ate r ia ls  In the work reported  in LR 90,
cement was one of a number of  add i t ives  which could be added to f r o s t  sus­
c e p t ib l e ,  unbound mater ia ls  so as to reduce t h e i r  heave to l e s s  than 12.7 mm. 
This approach has been extended, perhaps unwit t ing ly ,  so t h a t  the f r o s t  
s u s c e p t i b i l i t y  of  cement s t a b i l i s e d  mater ia ls  i s  assessed by the f r o s t  
heave t e s t  ^  , but using the c r i t e r i a  e s tab l i shed  fo r  unbound m a te r ia l s .  
Indeed in the DoE Spec i f ica t ion  03}  ? the f r o s t  heave t e s t  i s  s p e c i f ie d  
as the d u r a b i l i t y  requirement fo r  soil -cements  t h a t  do not f u l l y  comply 
with the requirements fo r  the mater ia l  to be processed.
The heave c r i t e r i a  fo r  s o i l s  and unbound road m ater ia ls  would seem to 
be inappropria te  for  so i l -cement ,  s ince  any heave implies t h a t  a non-
r ev e rs ib le  breakdown of the material  has occurred. This could have an 
important e f f e c t  on the load carrying capacity  of  the mater ia l in an 
actual pavement. I t  is  i n t e r e s t i n g  to note t h a t  in the USA the f r o s t  
s u s c e p t i b i l i t y  of s t a b i l i s e d  mater ia ls  i s  evaluated by measuring the loss  
of  s t reng th  or of  weight during the f reez ing  process .  This approach is  
p a r t i c u l a r l y  s u i t a b le  fo r  non-research l ab o ra to r ie s  as the heave values 
are of ten very small and d i f f i c u l t  to measure. The r e l a t io n sh ip s  between 
heave and s t reng th  are discussed in d e ta i l  in Chapter 10.
Cement has a lso  been used as an add i t ive  to f r o s t  s u scep t ib le  unbound 
m a te r ia l s ,  to produce a mater ia l which could be re fe r red  to  as a cement 
modified m a te r ia l^ 75  ^ r a th e r  than soil -cement.  Such a mater ia l  only has 
s u f f i c i e n t  cement to  reduce the heave to less  than 12.7 mm (0.5 i n ) ,  t y p ic a l ly  
less  than 5 per cent being used^7^ 7^ ,  and i t  is unlikely  to meet the s t reng th  
requirements of  the DoE Spec i f ica t ion  fo r  soil -cement .  At some s tage in 
i t s  l i f e ,  the cement modified mater ia l  w i l l  breakdown to i t s  unbound s t a t e  
under the cumulative e f f e c t s  of t r a f f i c  loads.  I t  may then ,  once again ,  
be f r o s t  su scep t ib le .  Until a f u l l e r  understanding of  the behaviour of  
such m ater ia ls  i s  ava i lab le  i t  may be t h a t  the cement content  se le c ted  
should be s u f f i c i e n t  not only to reduce the heave but a lso  to meet 
cu r ren t  s treng th  requirements.
Apart from specifying the minimum number of  specimens to  be t e s t e d ,  
the o ther  points  in t h i s  sec t ion  require  f u r th e r  in v es t ig a t io n  in' the  
laboratory  and the f i e l d .  Br ie f ly  these r e l a t e  t o : -
(a) Pred ic t ion  of  the f in a l  heave from the ea r ly  t e s t  
r e s u l t s .
(b) Need to check the heave c r i t e r i a  both fo r  unbound 
and for  cement s t a b i l i s e d  m ater ia ls  with the f i e l d  performance 
of  the m a te r ia ls .  This study would be p a r t i c u l a r l y  extens ive
i f  the changes in specimen p repara t ion ,  de ta i l ed  in sec t ion  6 .2 ,
are adopted. In th i s  study i t  may be poss ib le  to s imulate 
f i e l d  condit ions  in a large  p i t .
(c) Long term performance of  cement modified m ate r ia ls  
in highway pavements;
Sampling Procedure
The samples were taken from s ingle  point locat ions so as to 
l im i t  the geological and mineralogical var ia t ion  within each 
sample. They were taken from depths of a t  l e a s t  0.5 m. from 
the surface of the t i p  s ince  the surface material is  in a 
weathered s t a t e .  All samples were screened, at  the t i p ,  on 
e i t h e r  a 19 mm. or  a 38 mm. s ieve ,  placed in  polythene bags 
and ar r ived  a t  the University a t  t h e i r  natural moisture content .
CHAPTER 7
SOIL CLASSIFICATION AND PERMEABILITY TESTS
7.1 Introduction
At the s t a r t  of  the study of  f r o s t  heave c h a r a c t e r i s t i c s ,  i t  was
decided to  in v e s t ig a te  whether f r o s t  heave could be predic ted from the
proper t ie s  of  the sha le .  These p roper t ie s  included the so i l  c l a s s i f i c a t i o n
parameters of p a r t i c l e  s iz e  d i s t r i b u t i o n  and p l a s t i c i t y ,  s ince  any r e l a t io n
ship between them and f r o s t  heave would be p a r t i c u la r l y  useful to  the
p rac t i s in g  engineer.  In ad d i t io n ,  permeabil ity  was determined by t e s t i n g
cy l in d r ica l  specimens, 152.4 mm (6in) x 101.6 mm (4 in)  d iameter ,  compacted
in the mould used fo r  preparing f r o s t  heave s p e c i m e n s ^ .  This chapter
is  concerned with the techniques employed, w h i l s t  comments on the  r e s u l t s
obtained are discussed in r e l a t io n  to f r o s t  heave in Chapter 10.
The shales  examined were sampled by the National Coal Board using a
well -defined  p r o c e d u r e e s t a b l i s h e d  fo r  sampling shales  and sha le  t i p s .
The samples were de l ivered  to the Universi ty  a t  a moisture content  which
was genera l ly  below the optimum value as determined in the BS compaction 
(14)t e s t  and, to s tandard ise  the procedures fo r  t e s t i n g  and fo r  specimen 
prepara t ion ,  the samples were dried fo r  24 hours a t  85 ± 5°C on e l e c t r i c a l l y  
heated t r a y s .  Each sample was then placed in sealed drums u n t i l  required  
and, before use, the contents  of  the drum being thoroughly mixed to reduce 
segregation.  Sub-samples from t h i s  dr ied  material  were used fo r  a l l  t e s t s  
and for  producing t e s t  specimens.
Permeabili ty  measurements were made on both unbound and cement 
s t a b i l i s e d  specimens, so as to obtain information regarding the e f f e c t s  of 
cement content and curing period on permeabil ity .
7 .2  Soil c l a s s i f i c a t i o n  t e s t s
The. t e s t  procedures described in BS 1377:1967 fo r  c l a s s i f y in g  
engineering s o i l s  are  not d i r e c t l y  app l icab le  to s h a l e s ^ )  as most 
unburnt shales  are  l i a b l e  to degrade when dried out and r e -w e t ted ,  the
degree of breakdown, or  weathering, varying with the source of  shale .
However, since  i t  had been decided to dry a l l  the shales and subsequently 
to add the required  amount of  water ,  i t  was considered t h a t  the  use of  
the standard t e s t  procedures would be s a t i s f a c t o r y .  This is  in co n t ra s t  
with the t e s t i n g  c a r r ied  out by the National Coal Board in connection with 
the control  of  the cons truc t ion  of c o l l i e r y  t i p s .  In th i s  work, wet shale  
i s  placed d i r e c t ly  on the t i p s  and the standard procedures have th e re fo re  
been modified so t h a t  the shale  can be t e s ted  without p r io r  drying.
These modif icat ions are d e ta i l e d  in a Technical Memorandum^) published 
by the National Coal Bo^trd.
7.2.1 P a r t i c l e  s ize  d i s t r i b u t io n  The s t a n d a r d ^ )  wet s ieving 
technique was followed, without m odif ica t ion ,  fo r  the ana lys is  of   ^
the coarse f r a c t i o n ,  the mater ial r e ta ined  on the 75 ym s ieve .  The 
ana lys is  of the mater ial passing the 75 ym s iev e ,  was based on the standard  
sedimentation t e s t ^ )  bu t ,  following a d v i c e ^ )  from the National Coal 
Board ,  the d i sp e r sa l . t im e  in the ba f f le  cup was l imi ted  to 30 seconds ins tead  
of  the standard 15 minutes in order  to avoid degradation in excess o f  the  
natural  d ispers ion  of  the dr ied  shale .  This procedure was used fo r  unburnt 
and fo r  burnt sh a le s ,  although the problem of degradat ion i s  not very acute  
with the l a t t e r .
The r e s u l t s  obtained are  summarised in Table 7.1 and p lo t t ed  in Figures
7.1 and 7.2. They apply to material  which had a maximum p a r t i c l e  s iz e  of  
e i t h e r  19 mm or  38 mm depending on the screening ca r r ied  out during sampling 
a t  the t i p s .  Larger mater ia l was considered to be outs ide  the scope of  the 
s tudy,  p a r t i c u la r l y  as i t  was too large to be included in the c y l in d r i c a l  
t e s t  specimens t h a t  were used fo r  the main t e s t s .
7 .2 .2  P l a s t i c i t y  l im i ts  These were determined using the  s tandard
(14)t e s t  p rocedurev ' and the r e s u l t s  are given in Table 7.2.
Table 7.1 Results of  P a r t i c l e  Size Analysis
Shale
Percentage f i n e r  than
mm ym
20 5 2400 600 150 75 20 2
Unburnt
Aberpergym 100 62 . 43 21 11 9 5 • 2
Bed!ay 100 72 54 35 25 21 16 5
Bentley 100 87 72 37 19 16 14 6
Betteshanger 100 71 50 17 8 6 5 <1
Brodsworth 100 70 46 21 13 11 10 4
Bull c r o f t 100 90 80 58 46 43 38 18
Chis le t  1 96 51 33 15 6 5 3 <1
Chis le t  2 100 96 68 18 7 6 5 1
Chis le t  3 97 60 40 16 9 8 4 1
Chis le t  4 96 66 49 24 12 10 8 2
Cortonwood 98 72 . 50 22 12 10 8 2
Peckfield 100 87 76 57 43 38 32 16
RothwelT 1 100 81 66 42 33 31 27 11
Snowdown 1 100 55 33 10 4 .3 2 <1
Snowdown 2 80 47 33 21 7 5 3 <1
Thorne 100 80 58 35 30 28 24 10
Tilmanstone 1 97 73 59 37 23 19 17 9
Burnt
Binley 1 TOO 51 38 25 20 ! 19 15 3
Binley 2 100 52 38 26 22 21 17 4
Binley 3 100 71 52 27 13 8 5 1
Binley 4 100 63 38 20 9 6 4 <1
Granvil le 89 50 42 23 13 11 7 1
Percentage f i n e r  than
Shale mm ym
20 5 2400 600 150 75 20 2
Burnt (Contd) 
Newdigate 1 84 38 25 12 7 6 3 <1
Newdigate 2 83 37 26 13 8 6 3 <1
Rothwell 2 100 86 . 71 r 49 37 33 27 6
Si lverda le 100 75 • 56 30 16 12 7 2
Thornley 100 62 40 19 12 9 7 1
Wheatley
Hi l l 100 74 55 30 17 13 ' 10 2
Tilmanstone 3 98 61 . 43 22 14 11 7 <1
Par t  Burnt 
Til manstone 2 95 69 55 28 15 12 7 <1
Notes: (1) All values are the mean of  th ree  determinations .
(2) The coarse analys is  (to 75 ym s iz e )  fo i l  owed the
wet s iev ing  procedure given in BS 1377:1967 0 4 )
(3) The f ine  analysis  was based on the sedimentat ion
procedure given in BS 1377:1967(14),
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Sample P la s t i c  Limit (%)
Liquid 
Limit (%)
P l a s t i c i t y  w  
C la s s i f i c a t i o n
Unburnt
Bedlay * 25 low
Bentley 23 35 medium
Betteshanger * * n o n -p la s t i c
Brodsworth 21 30 low
Bull c r o f t 25 41 medium
C his le t  1 * 20 low
Chiislet 2 * 21 low
C h is le t  3 * 19 low.
Chis le t  4 * 23 low
Cortonwood 20 28 low
Peckfield 26 41 medium
Rothwell 1 25 39 medi urn
Snowdown 1 * * n o n -p la s t i c
Snowdown 2 * * n o n -p la s t i c
Thorne 25 43 medium
Tilmanstone 1 24 36 medium
Burnt
Binley 2 26 39 medium
Binley 3 * * n o n -p la s t i c
Binley 4 * * n o n -p la s t i c
Granvil le 18 * n o n -p la s t i c
Newdi gate 1 * * n o n -p la s t i c
. Rothwell 2 36 45 medium
Silverda le * * n o n -p la s t i c
Thorn!ey * * n o n -p la s t i c
lable / . z  (Continued)
Sample P l a s t i c  Limit (%)
Liquid 
Limit (%)
P l a s t i c i t y
C l a s s i f i c a t i o n 2
Tilmanstone 3 * * no n -p la s t i c
Wheatley Hill * * no n -p la s t i c
P ar t-burn t  
Ti l manstone 2 * * n o n -p la s t i c
Notes: (1) An a s te r i s k  denotes t h a t  a t e s t  could not be
performed on the sample 0 4 ) .  When e i t h e r  
the l iqu id  l im i t  or p l a s t i c  l im i t  cannot 
be determined the p l a s t i c i t y  index is repor ted  
as no n -p la s t ic .  04).
(2) The c l a s s i f i c a t i o n  i s  based on t h a t  proposed by
Dumbleton. O 8 )
7 .2 .3  Absorption This was based on the water absorption t e s t  fo r  
s lag aggregate in BS 1 0 4 7 :1 9 5 2 ^ ^  and was se lec ted  because i t  had previously 
been u s e d ^ )  on burnt shales  by the National Coal Board. In t h i s  t e s t  the 
absorption is  expressed as the percentage increase in weight o f  an oven 
dried sample, a f t e r  24 hours immersion in water.
I t  was found necessary to modify th is  procedure in an at tempt to reduce 
the e f f e c t  of  breakdown of  unburnt shales  during immersion, as shown d ia -  
grammatically in Figure 7.3. The procedure employed was to  place a sample 
weighing approximately 3 kg of  material  re ta ined  on a 9.5 mm s ie v e ,  in a 
dish and to cover the sample with water fo r  24 hours,  the contents  being 
s t i r r e d  occasional ly  during th i s  per iod.  The water was decanted and water 
remaining on the surface removed using a damp c lo th ,  care being taken to 
exclude degraded m a te r ia l ,  i . e .  f in e r  than 9.5 mm. This sample was weighed, 
Wx. The sample was placed in an oven operat ing a t  105-110°C and dr ied to  
cons tan t  weight W2. The absorption was then expressed as a percentage of  
W2 , the values obtained are given in Table 7.3.
7 .2 .4  Specif ic  g rav i ty  This was not measured fo r  a l l  the  shales  as 
i t  was considered th a t  absorption would be a b e t t e r  guide to f r o s t  heave 
because i t  ind ica tes  the porosi ty  and the wate r - re ta in ing  capac i ty  of  a 
m a te r ia l .  The main reason fo r  needing to know the value of  s p e c i f i c  g rav i ty  
was to ad ju s t  the maximum dry dens i ty ,  determined in compaction t e s t s  on 
unbound sh a le ,  when cement was added in order to maintain a cons tan t  a i r  
voids content  fo r  both the unbound and cement s t a b i l i s e d  specimens of  each 
p a r t i c u l a r  sha le .  The values were determined following the  s t a n d a r d ^ ^  
procedures and are given in Table 7.4.
7 .2 .5  Compaction c h a r a c t e r i s t i c s  As s ta te d  in Chapter 5,  BS compac-
(14)t ion  t e s t s  were ca r r ied  out on the various shales using the procedurev 1 
recommended fo r  s o i l s  su scep t ib le  to crushing and the values a re  given in 
Table 7.5.
100%Absorption
where w > w,» = weight of  water in pores
oven dry weight.
1. Typical Aggregate P a r t i c l e
w + w. + w+-wY 
Absorption  ------- :— n— —— -  x 100%¥
= A,
2. Non-softening Shale
3. Softening Shale
w +*w. + w 
Absorption = —----   -  x 100%
= where Wj + Wjj * = W
Note: The measured value wil l  th e re fo re  depend on the amount of
breakdown during the 24 hour soaking period.
Figure 7.3 Absorption Values
IabIe  / . 3  Results  o f  the A bsorp t ion  Tests
Shale Absorption
(%)
Unburnt
Aberpergym 5.2
Bed!ay 3.2
Bentley 6.7
Betteshanger 2.9
Brodsworth 4.5
Bull c r o f t 7.0
C his le t  1 3.6
Chis le t  3 • 2.6
Chis le t  4 3.5
Cortonwood 5.5
Peckfield 8.0
Rothwell 1 8.7
Snowdown 1 3.1
Snowdown 2 2.9
Thorne 7.9
Tilmanstone 1 8.5
Shale Absorption(%)
Burnt
Binley 2 7.2
Binley 3 7.9
Binley 4 3.7
Granvil le 7.5
Newdigate 1 6.2
Rothwel1 2 8.3
S i lve rda le 8.1
Thornley 8.3
Tilmanstone 3 11.0
Wheatley Hill 7.8
Par t  Burnt---------- -------T-------  -.........
Tilmanstone 2 8.0
Note: All values are the mean r e s u l t  of  th ree  t e s t s .
Table 7.4 Results  o f  the S p e c i f ic  G ra v i ty  te s ts
Sample Speci f i  c Gravi ty
Burnt
Binley 1 2.69
Binley 2 2.68
Newdigate 1 2.51
Thorn!ey 2.50
Tilmanstone 3 2.46
Wheatley Hill 2.53
Par t  Burnt
Tilmanstone 2 2.01
Sample Specif icGravity
Unburnt
Bedlay 2.28
Betteshanger 2.14
Brodsworth 2.45
Bul l c r o f t 2.30
C his le t  1 2.40
C h is le t  4 2.47
Cortonwood 2.46
Peckfield 2.14
Rothwell 1 2.23
Snowdown 1 2.24
Tilmanstone 1 1.94
la o ie  / . s  Kesuics o t ine  us compaction te s ts
Sample
Optimum
Moisture
Content
(%)
Maximum 
Dry Density 
(Mg/m3)
Unburnt
Aberpergym 8.0 1.93*
Bedlay 9.0 1.84
Bentley 10.0 1.91
Betteshanger 8.0 1.73
Brodsworth 7.5 . 1.94
Bull c r o f t 13.0 1.68
Chis le t  1 7.5 1.94
Chis le t  2 8.5 1.83*
Chis le t  3 9.0 1.92
Chis le t  4 8.0 2.00
Cortonwood 9.0 1.95
Peckfield 13.0 1.65
Rothwell 1 12.0 1.72
Snowdown 1 6.0 1,86
Snowdown 2 6.5 1,82
Thorne 12.0 1.85*
Tilmanstone 1 12.0 1.55
Sample
Optimum
Moisture
Content
(%)
Maximum 
Dry Density 
(Mg/m3)
Burnt
Binley 1 13.0 1.94
Binley 2 13.0 1.94
Binley 3 18.0 1.62
Binley 4 17.0 1.78
Granvil le 18.0 1.82
Newdigate 1 17.0 1.79
Newdigate 2 17.0 1.79*
Rothwell 2 23.0 ; 1.35*
S i lverda le 18.0 1.79
Thorn! ey 14.0 1.76
Tilmanstone 3 28.0 1.39
Wheatley Hill 17.0 1.76
P ar t  Burnt
Tilmanstone 2 17.0 1.42
Note: Results marked '* are es timated values as the l im ited  s iz e  of  these
samples precluded de ta i l ed  t e s t i n g .
7.3 Permeabili ty  t e s t s
7.3.1 General philosophy I t  was considered th a t  useful information, 
regarding the mechanism of f r o s t  ac t ion  in cement s t a b i l i s e d  sh a le s ,  could 
be obtained by studying the changes in permeabil ity  following the addi t ion  
o f  cement.
The l i t e r a t u r e  review ind ica ted  th a t  the mass t r a n sp o r t  of  water to  the 
f reez ing  f ro n t  takes  place under condit ions of  unsaturated  f l d w ^ ) ^ )  
a l though,  where the d is tance  between the f reez ing  f ro n t  and the water t a b le  
i s  sm a l l , i t  has been s u g g e s t e d ^ )  t h a t  the flow i s  s a tu ra te d .  Thus, 
w h i l s t  the r e s u l t s  of  s a tu ra ted  permeabil ity  t e s t s  may not be d i r e c t ly  
app l icab le  to f r o s t  ac t io n ,  they offered  a convenient basis  fo r  examining 
the e f f e c t s  of  cement s t a b i l i s a t i o n  and were the re fo re  undertaken.
The c o e f f i c i e n t  of  permeabil ity  fo r  unsatura ted flow, ku , i s  a f fec ted  
by so i l  moisture content  and by so i l  suc t ion ,  a decrease in e i t h e r  property  
r e su l t in g  in a decrease of ku . The suct ion fo rce ,  or  moisture t en s io n ,  
i s  the prime generator  of  flow to the f reezing f r o n t ,  s ince so i l  f reez ing  
is  accompanied by the development of  large  suction forces  in the  water a t  
and below the f reez ing  f ro n t .  This force is  a maximum a t  the  f reez ing  
f ro n t  and decreases in magnitude with d is tance  from the growing ice  lens .
Thus, a t  a given lo c a t io n ,  the c o e f f i c i e n t  of  permeabil ity  wi l l  change 
as the f reezing f ro n t  penetra tes  in to  the unfrozen s o i l .  Therefore ,  the 
determination of  the c o e f f i c i e n t  should include a study o f  i t s  v a r i a t io n  
with suction force and with moisture content .  To complete such a study 
i t  would also be necessary to measure the changes in suction force  and 
moisture content  th a t  occur during so i l  f reez ing .  U nfor tuna te ly , within 
the l im i ts  of  th i s  in v e s t ig a t io n ,  i t  was not poss ib le  to include measure­
ments of  the unsaturated c o e f f i c i e n t  of  permeabil ity  and the r e s u l t s  
obtained from the more l imi ted  t e s t s  fo r  the sa tu ra ted  c o e f f i c i e n t  of  
permeabi lity are  discussed in Chapter 10. They are d iscussed ,  in p a r t i c u l a r ,  
in r e l a t io n  to the changes in f r o s t  ac t ion  r e su l t in g  from cement s t a b i l i s a t i o n .
7.3 .2  Test method The t e s t  method i s  based on the work of  Bjerrum 
and H o d e r ^ )  and used apparatus designed fo r  carrying out drained t r i a x i a l  
t e s t s .  The general arrangement is  shown in P la te  7.1 and in Figure 7.4.
A back pressure was applied to ensure t h a t  a l l  the a i r  was d issolved out 
of  the so i l  so t h a t  condit ions of  s a tu ra ted  flow prevailed  during the 
t e s t .
Before a specimen was t e s t e d ,  the pore l in e s  to the t r i a x i a l  ce l l  were 
de-a i red  and a small quan t i ty  of water allowed to cover the pedestal a f t e r  
which the valves were shut.  A sa tu ra ted  porous d i s c ,  101.6 mm diameter ,  
which had previously been de-a ired  and kept under water ,  was s l i d  onto the 
pedestal and the specimen located on the d isc .  The rubber membrane was 
then placed in p o s i t io n ,  using a membrane s t r e t c h e r ,  and the  lower p a r t  sealed 
to the pedestal with two rubber 'O' r ings .  The membrane was gen t ly  s troked 
in the upward d i r e c t io n  in order to  remove as much a i r  as poss ib le  from the 
boundary between the membrane and the specimen, a f t e r  which a s a tu ra ted
porous d isc  was placed on top of the specimen. An end cap, f i t t e d  with a
drainage connection, was placed on the d isc  and the top of  the  membrane 
sealed aga ins t  the cap with two more 'O' r ings .
The ce l l  was then assembled and water introduced un t i l  i t  overflowed
from the valve a t  the top of  the c e l l .  The ce l l  pressure  was ra i sed  to
0.07 MN/m2 (10 l b f / i n 2 ) and a t  the same time the back and the head pressures  
were equal ised to atmospheric p ressure .  The specimen was l e f t  to  conso l ida te  
under these condi tions  fo r  24 hours.  At the end of  th i s  per iod the ce l l  
pressure was r a i sed  by small increments to 0.34 MN/m2 (50 Tbf / in2 ) and 
simultaneously the back and head pressures  were ra i sed  by the same increments 
to 0.27 MN/m2 (40 l b f / i n 2 ). The specimen was l e f t  to s a tu r a t e  and reach 
equil ibirum under these condit ions fo r  a fu r th e r  24 hours.
The head pressure was then ra i sed  to 0.31 MN/m2 (45 l b f / i n 2 ) and water 
allowed to flow through the specimen. The flow was measured by a twin 
volume change b u r re t t e  f i t t e d  in the back pressure  pore l i n e  between the ce l l
\ (■ Mercury dash-pot system for 
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and the mercury dash-pot ,  the b u re t te  having been by-passed throughout 
the i n i t i a l  consolida t ion  and pressure  e q u i l i s a t i o n  s tages .  Readings were 
taken unt i l  the flow became steady and the permeabil ity  was ca lcu la ted  fo r  
th i s  steady flow using D 'a rcy 's  Law. At the completion of  a t e s t ,  the  back 
and head pressure connections were shut o f f  and the ce l l  emptied so t h a t  
the specimen could be removed. Two s e ts  of  apparatus were a v a i la b le  fo r  
th i s  work and so the specimens were genera l ly  t e s t e d  in p a i r s ,  the mean 
flow value being used f o r  the c a lc u la t io n .  The t e s t  r e s u l t s  are  given 
in Table 7.6.
In the case of  cement s t a b i l i s e d  specimens, the continuing hydration 
process was l i k e ly  to a f f e c t  permeabil ity  and flow was th e re fo re  recorded 
a f t e r  an a r b i t a r i l y  chosen 24 hour period of  permeation r a th e r  than when 
steady condi tions were reached. I t  was also  necessary to  def ine the "age of 
t e s t "  of  cement s t a b i l i s e d  mater ia l and t h i s  was taken as the age a t  the 
completion of  the consolida t ion  period.
7.4 Discussion of  the r e s u l t s
7.4.1 Soil p roper t ie s  The r e s u l t s  show t h a t  the var ious shales  
each have wel l -defined but widely d i f f e r in g  p ro p e r t i e s .  Some have the 
c h a r a c t e r i s t i c  p roper t ie s  of  cl  ay-type s o i l s  while others  are s im i la r  to 
gravel-sand-type s o i l s .
The r e s u l t s  of  p a r t i c l e  s ize  d i s t r i b u t io n  t e s t s  on the 17 samples of  
unbound shale and the 12 samples of burnt shale are  given in Table 7 .1 ,  and 
the range of  s iz e  d i s t r i b u t i o n  encountered i s  p lo t ted  in Figure 7.1 fo r  
unburnt shale and in Figure 7.2 for  burnt  sha le .  Of the 17 unburnt shales  
examined, 6 samples contained more than 5 per cent  of c lay  m inera ls ,  defined 
as mater ial smal ler  than 2*ym, the corresponding proportion fo r  the burnt  
shales  being only one out of  the 12 samples t e s t e d .  This suggests  t h a t  the 
clay p a r t i c l e s  are fused during burning on a t i p  in a s im i la r  manner to  the 
fusing of minerals in the f i r i n g  of  clay b r i c k s ^ ) .
cement s t a b i l i s e d  shales
Sample
Cement
Content
(*)
(cemented)
Age a t  
t e s t  
(days) 
(cemented)
Number of 
Specimens
Mean c o e f f i c i e n t  
of permeabil ity  
(cm/sec)
Unburnt
Bed!ay 2 8.1 x 10' I
5 7 2 1/2 x 10"6
10 7 2 3.6 x 10"6
Bentley 3
CD1oXLO
Betteshanger 2 4.9 x 1 0 '6
Brodsworth 3 3.5 x 1 0 '6
_-8
Bull c r o f t 2 7.4 x 10 :
5 7 2 4.5 x 1 0 T
. 1 0 7 2 8.8 x 10
Chis le t  1 2 4.3 x 1 0 '6
Chis le t  3 2 1.1 x 1 0 '6
Chis le t  4 4 2.2 x 10 ' !
5 7 4 1.6 x 1 0 '6
5 30 2 4.4 x 1 0 '7
10 7 4 2.9 x 10-f
10 30 2 .9.1 x 1 0 ,
10 90 2 4.2 x 10-7
15 7 4 6.0 x 10‘ 6
Cortonwood 3 6.4 x 1 0 '7
Peckfield 4 3.4 x 1 0 '8
2i 7 4 3.9 x 10‘ 7
5 7 2 3.5 x 10 '°
5 30 3 2.0 x 1 0 ,
5 90 2 4.2 x 10_/
7| 7 2 3.1 x 10’ 6
10 7 4 3.9 x 10‘ 6
10 30 2 2.8 x 1 0 '6
10 90 2 2.0 x 10 '?
15 7 3 1.5 x 1 0 '6
20 7 4 4.1 x 10’ 7
20 30 3 3.3 x lO"7
20 90 3 2.4 x 10"7
Rothwell 1 2 1.6 x 10-7
Snowdown 1 3 1.1 x 10-lt
lapie / .o  ^continued;
Sample
Cement
Content
(*)
(cemented)
Age a t  
t e s t  
(days) 
(cemented)
Number of  
Specimens
Mean c o e f f i c i e n t  
of  permeabil ity  
(cm/sec)
Thorne 2 5.2 x 10"8
Tilmanstone 1 - 3 5.6 x i cr7
5 7 3 2.4 x lCr®
5 30 3 1.8 x 1 0 '6
5 90 2 8.4 x 10"7
Burnt •
Binley 2 2 1.0 x 1 0 '6
Binley 3 3 3.6 x lO-5
Binley 4 3 2.6 x 10"5 ’
Granvil le 3 4.9 x 1 0 '6
Newdigate 1 2 7.0 x 10‘ 6
Rothwell 8 1 7.4 x 10"6
Si lverda le 2 1.0 x lO-1*
Thornley 3 3.8  x lO-5
Til manstone 3 3 1.9 x 10-“
Wheatley Hill 2 1.7 x lO"5
5 7 2 2.1 x 10-5
10 7 2 1.5 x lO-5
Par t  Burnt
Tilmanstone 2 3 2.0 x 10_1*
non-p las t ic  to medium p l a s t i c i t y  and there  is  a marked d i f fe rence  between 
the burnt and the unburnt sha les .  Only the burnt  shales  from Rothwell and 
from Binley exh ib i ted  measurable p l a s t i c i t y ,  the other  e igh t  samples being 
c l a s s i f i e d  as n o n -p la s t i c .  In c o n t r a s t ,  only th ree  of the 16 unburnt shales  
could be c l a s s i f i e d  as no n -p la s t ic .  This d i f fe rence  in p l a s t i c i t y  ch a rac te r ­
i s t i c s  confirms the lack of  clay minerals in the burnt  sha le .
The absorption values in Table 7.3 show th a t  the burnt  sha les  have 
higher  absorptions  than the unburnt sha le .  This is a t t r i b u t e d  to the loss  of  
v o l a t i l e  matter  during burning,  which leads to  the formation o f  voids in  the 
burnt sha le .  Only one of  the 10 burnt  s h a le s ,  Binley 4, has a value less  than 
6 per cen t ,  the majori ty  of  the values being in excess of  7.5 per  cent .  In 
c o n t r a s t ,  10 of  the 16 unburnt shales  have values of less  than 6 per  cen t ,  
and 7 of  these shales  have values of  less  than 4.5 per cent .  The s in g le  low 
value,  of 3.6 per cen t ,  fo r  the burnt  shales  r e l a t e s  to a p a r t i c u l a r  sample 
which was prepared a t  Binley c o l l i e r y  by crushing the coarse f r a c t i o n ,  50 to
9.5 mm, of  the parent  sha le .  The crushing re su l te d  in the d e s t ru c t io n  of  some 
of  the voids in the shale  p a r t i c l e s  and so lowered the absorpt ion s im i la r  to 
the manner suggested in Figure 7.3. This explanat ion is  supported by the 
f a c t  t h a t  the Binley 3 sample, which was obtained in the normal way from 
the t i p ,  has an absorpt ion value of 7.9 per cent .
Specif ic  g rav i ty  values and the r e s u l t s  of the compaction t e s t s  are 
presented in Tables 7.4 and 7.5 r e s p e c t iv e ly , these values being used fo r  
c a lcu la t ing  the weight of  mater ial required to produce the f r o s t  heave and 
s trength  specimens.
High values for  optimum moisture content were obtained with the burnt 
shales  and th i s  is  co n s is ten t  with t h e i r  high absorption values .  R e la t ive ly  
high values were also obtained for  those unburnt shales  with a l a rge  propor­
t ion  of f ine  m a te r ia l ,  and th i s  is in accord with s p e c i f i c  su rface  cons idera­
t io n s .  For the unburnt sh a le s ,  the values of  the optimum moisture content  
are p lo t ted  in Figure 7.5. aga ins t  the amount o f  f ine  material and the  trend
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Figure 7.5 Relationship between Optimum moisture content 
(BS standard compaction t e s t )  and the amount of 
material f in e r  tnan 75 ym in the Unburnt Shales
towards an increase  in optimum moisture content with increase  in the amount 
of  f ine  mater ia l can be seen in t h i s  f igure . .  There is  a considerable  
s c a t t e r  in the r e s u l t s ,  but they may be a useful a id ,  in p r a c t i c e ,  fo r  
judging the optimum moisture content  as a basis  fo r  preliminary t e s t s .
7 .4 .2  Permeabi1i t y  c h a r a c t e r i s t i c s  A summary of the r e s u l t s  of  the 
sa tu ra ted  permeabil ity  t e s t s  i s  s e t - o u t  in Table 7.6 fo r  both the unbound 
and the cement s t a b i l i s e d  shales  examined in th i s  s tudy.  I t  can be seen 
th a t  the r e s u l t s  fo r  unbound shale  cover four  orders of  magnitude, from 
2 x 10"4 to  3 x 10’ 8cm/sec. From these values the majori ty  of  the shales  
can be c l a s s i f i e d  as poorly drained to  i m p e r v i o u s ^
The r e s u l t s  were examined fo r  any c o r re la t io n  between the permeabi l i ty  
o f  the unbound shales  and the measured so i l  p ro p e r t i e s .  The crushed sha le  
from Binley was not included in th i s  examination as ,  unlike the  o the r  
samples,  i t  had been processed before de l ivery  to  the U nivers i ty ,  with 
the r e s u l t  t h a t  i t s  p roper t ie s  were not r ep re sen ta t iv e  of  the  natural  
m a te r ia l .  The so i l  p roper t ie s  chosen were the percentage of  f in e  mater ia l  
and the absorpt ion ,  s ince these can be r ead i ly  measured in p r a c t i c e  using 
simple equipment, and the outcome of  th i s  study i s  shown in Figures 7.6 
to 7.9.
From Figure 7.6 there  i s  a c l e a r  r e la t io n s h ip  fo r  the unburnt shales  
between permeabil ity  and the percentage of  the materia l  f i n e r  than 75 ym0 
Figure 7.7 shows t h a t  the l im i ted  number of  r e su l t s  obtained f o r  burnt  
shale  cover too r e s t r i c t e d  a range to allow comment to  be made on the 
r e l a t io n s h ip  o ther  than to note t h a t ,  a t  low values of  f ines  con ten t ,  the 
form is  broadly s im i la r  to t h a t  obtained with unburnt sha le .
Figure 7.8 shows permeabil ity  p lo t ted  aga ins t  absorption f o r  the 
unburnt shales  and, although there  i s  a suggestion t h a t  perm eabi l i ty  
decreases with increase in absorp t ion ,  the s c a t t e r  in the r e s u l t s  precludes 
the i d e n t i f i c a t i o n  of  any c o r re l a t io n .  In c o n t r a s t ,  the values p lo t t e d  in 
Figure 7.9 fo r  the burnt shales  show th a t  permeabili ty  increases  l i n e a r l y ,
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Figure 7.9 R e la t io n s h ip  between the sa tu ra te d  c o e f f i c i e n t  o f
p e rm e a b i l i ty  and the abso rp t ion  f o r  the b u rn t  sha les
in a reasonably wel l -def ined  manner, with increase in absorpt ion.
The data p lo t ted  in Figures 7.6 to 7.9 only ind ica te  the general 
form of  the r e l a t io n sh ip s  between these parameters.  I t  is the i n t e r ­
r e la t io n sh ip s  between absorption and percentage of  f ine  m a te r ia l ,  toge the r  
with such f ac to rs  as the overall  grading and the nature of  the f in e  mat­
e r i a l ,  t h a t  combine to determine the permeabil ity  of  a p a r t i c u l a r  sha le .
These i n t e r - r e l a t i o n s h i p s  probably explain the lack of  c o r re l a t io n  between 
permeabili ty  and absorption in the unburnt shales  since the e f f e c t s  of  
absorption are negated by those of the content  of  f in e  mater ia l -  as 
shown in Table 7.1 this-was found to range from 3 to 45 per  cen t .  For 
the burnt  s h a le s ,  with one exception,  the range was from 6 to  20 per  cen t ,  
and so the e f f e c t s  of  absorption are unl ikely  to be s i g n i f i c a n t l y  inf luenced 
by those of the amount of  f in e  m a te r ia l .  Table 7.1 also shows t h a t  the 
f in e r  grained unburnt shales  have r e l a t i v e l y  small amounts of  coarse 
mater ia l and th i s  f u r th e r  l im i t s  the e f f e c t s  of the p a r t i c l e  absorpt ion 
in these sha le s .
I t  follows th a t  a sha le ,  whether burnt  or  unburnt, with a high absorp­
t ion  and a large proportion of  f ine  mater ia l wil l  probably have a low 
permeabil ity  as the e f f e c t s  of  absorption wil l  be masked by those of  the 
so i l  matrix which completely surrounds and i s o l a t e s  the coarse ,  porous 
p a r t i c l e s .  At the o ther ’ extreme, a shale  with a low proport ion o f  f in e  
mater ia l  wil l  have a high permeabi l i ty ,  s ince  the compacted sha le  w i l l  be 
porous due to there  being i n s u f f i c i e n t  f ines  to f i l l  the voids,  the  
inf luence of absorpt ion probably being i n s i g n i f i c a n t .
For the unburnt sha le s ,  the decrease in permeabil ity  with increase  in 
the proportion of  f ine  mater ia l can be explained in terms of  p a r t i c l e  packing 
and the ro le  of  the clay minera ls .  At the lower end of the range,  an 
increase  in the amount of  f ine  material  produces a b e t t e r  packing ar range­
ment as the voids a re  progress ive ly  f i l l e d  with f ine  m a te r ia l .  However, 
with the f i n e r  graded sh a le s ,  the inf luence of  the f ine  clay minera ls
becomes important ,  s ince the r e s u l t s  in Table 7.1 show t h a t  these  shales  
contain s ig n i f i c a n t  amounts of  the clay minera ls .  The clay minerals reduce 
permeabil ity  through the act ion  of  t h e i r  surrounding laye r  of  adsorbed, 
and immobilised, water which thereby reduces the e f f e c t iv e  s iz e  of  the 
pores through which the water may flow^82). The s iz e  of  th i s  layer  depends 
on the surface  forces of  the clay p a r t i c l e s  and thereby on the nature of  the 
clay minerals^82,83)There is  a lso  the phenomenon of  swelling of  the  clay 
co l lo ids  which fu r th e r  reduces the e f f e c t iv e  s iz e  of  the pores,  and t h i s  
a lso depends on the nature of  the c lay minerals .  Unfortunately ,  i t  was 
not poss ib le  to in c lu d e 'a  study of clay mineralogy in th i s  in v e s t ig a t io n  
and i t  i s  s t rongly  recommended fo r  inc lusion  in fu tu re  work.
A comparison of  Figures 7.6 and 7.7 ind ica tes  t h a t ,  f o r  a given amount 
of  f in e  m a te r ia l ,  the permeabil ity  of  burnt shale  i s  g r e a te r  than t h a t  o f  
unburnt shale and th i s  must be a t t r i b u t e d ,  a t  l e a s t  in p a r t ,  to  the  e f f e c t s  
of  absorption toge ther  with the e f f e c t s  of  the clay minera ls ,  although 
addi t ional  fac to rs  may 'also have been involved.
During burning, the s t r u c tu r e  of the clay minerals i s  destroyed as 
they become fused and th i s  r e s u l t s  in a reduction in t h e i r  surface  a c t i v i t y .  
This produces a reduction in the thickness,  of  the adsorbed laye r  and in the 
amount of swelling.  Thus the e f f e c t iv e  pore s iz e  i s  not so markedly 
reduced as with the unburnt shales  and, in consequence, the permeabi l i ty  
i s  l i t t l e  a f fec ted .  However, burnt shales  with a high f ines  content  would 
probably have low perm eab i l i t ies  f o r ,  although the f ines  do not behave as 
clay minera ls ,  they would block the voids due to changes in the packing 
c h a r a c t e r i s t i c s .
For the burnt sh a le s ,  the increase  in permeabil ity  with inc rease  in 
absorption can be explained in terms of  the accompanying change in p a r t i c l e  
po ros i ty .  As the absorption increases  so does the p a r t i c l e  p o ro s i ty  and 
there  is  a corresponding increase in the a v a i l a b i l i t y  of  flow channels 
through the individual  p a r t i c l e s .  Unlike the unburnt sh a le s ,  the burnt
shales  did not contain s u f f i c i e n t  f in e  mater ia l to negate the ro le  of  
these flow channels ,  and in the unburnt shales  addi t ional  f a c to rs  f u r th e r  
reduced the inf luence of  p a r t i c l e  absorption.
Individual p a r t i c l e s  of unburnt shale  are we a k e r ^ 8 ) t h a n  those 
of  burnt shale  as the l a t t e r  are baked during burning,  r e s u l t i n g  in 
increased r i g i d i t y  and s t ren g th .  Thus during specimen p repara t ion  and 
also during consolida t ion  in the t r i a x i a l  c e l l , i t  i s  probable t h a t  the 
s t r u c tu r e  of  the p a r t i c l e s  of unburnt shale  i s  d is tu rbed ,  leading to  a 
reduct ion in the in te rna l ,  voids. This reduction means t h a t  water  t r a n sp o r t  
through the p a r t i c l e s  wil l  be less  than t h a t  implied by the absorption 
values which were es tab l i sh ed  on the o r ig ina l  sha le .  In ad d i t io n ,  i t  i s  
probable t h a t ,  on s a tu r a t i o n ,  much of  the water in the pores with in  the
p a r t i c l e s  of  unburnt shale  i s  subjected  to  adsorption forces  from the clay
minera ls ,  thus fu r th e r  reducing the in te rn a l  space fo r  water  t r a n s p o r t .  To 
these e f f e c t s  can perhaps be added the secondary e f f e c t s  o f  c lay swelling 
in to  the in te rn a l  space.
These behavioural c h a r a c t e r i s t i c s  would not be s ig n i f i c a n t  with the  
burnt  shales  due t o ' t h e i r  higher  s t reng th  and to  the reduced surface  a c t i v i t y  
of  the burnt  clay minerals.  I t  i s  the re fo re  probable t h a t  flow occured 
both through and around the p a r t i c l e s  in burnt  sh a le ,  whereas the flow i s  
l i k e ly  to be mainly around the p a r t i c l e s  in unburnt sha le .
A comparison has been made of  the permeabil ity  of various unbound and 
cement s t a b i l i s e d  sha les .  The r e s u l t s  in Table 7.6 show t h a t ,  a f t e r  seven 
days cur ing ,  the permeabil ity  of  the cement s t a b i l i s e d  shales  i s  g r e a t e r  
than th a t  of  the corresponding unbound sh a le s ,  and s im i la r  f ind ings  have 
been reported in Germany. In t e s t s  on some of  the cement s t a b i l i s e d  
shales the increase  i s  two orders of  magnitude and tends to  be l a r g e s t  with 
the f i n e r  sha les .  I t  i s  suggested t h a t  th i s  increase  may be a t t r i b u t e d  to
changes in the pore s t ru c tu r e  r e su l t in g  from the add i t ion  of  cement and
to volume changes in the specimens during curing.
Laboratory s tud ies  on soi' l-cement mixtures have shown t h a t  p a r t i c l e s  of  
cement and so i l  grains  re a c t  to form aggregations  which increase  in s iz e  as 
cement hydration proceeds^85) . Recent work(86K 87) however, has lead to 
b e t t e r  understanding of  t h i s  process which is  now bel ieved  to be s im i l a r  to 
the act ion of  lime on s o i l s  (88). I n i t i a l l y ,  e l e c t r i c a l  in t e r a c t io n  i s  
thought to take place between cement p a r t i c l e s  and the negat ive ly  charged 
c lay c o l lo id s .  This r e s u l t s  in cement p a r t i c l e s  being a t t r a c t e d  by the  clay 
f r a c t i o n , '  and forming a she ll  around them, thus diminishing the clay a c t i v i t y  
and gradually  leading to  the formation of  coarser  p a r t i c l e s  as the hydrat ion 
of  cement proceeds. I t  has been suggested(87) ( 89) t h a t  in c lay s ,  "domains" 
are p resen t .  These domains contain coherent p a r a l l e l  o r ien ted  clay p l a t e ­
l e t s  in close packing and are bel ieved to behave as s t r u c tu r a l  un i t s  in 
c lays .  In such s o i l s  the a t t r a c t i o n  i s  between the cement p a r t i c l e s  and 
the clay domains, r a th e r  than the individual  clay p a r t i c l e s  .
In so i l -cement ,  secondary cementation (87)occurs  between the f r e e  
calcium hydroxide, l i b e r a te d  by the hydration of  cement, and the  r e a c t iv e  
clay c o l lo id s .  This pozzolanic reac t ion  r e s u l t s  in fu r th e r  agglomeration 
leading to the formation of  "c lu s te r s"  (88) . The continued hardening of  
the cement around the s o i l  grains  r e s u l t s  in a skele ton s t r u c t u r e  t h a t  
gives r i g i d i t y  and s treng th  to the so i l  s t r u c t u r e / 98)* The amount of  aggrega­
t ion  depends on the cement content  and on the nature  of the clay  m inera ls ,  
but in a l l  cases the r e s u l t  i s  an aggregation of  the fines.
The specimens of  a given sh a le ,  whether unbound or  cemented, were a l l  
compacted to  a constant  a i r  voids content .  Thus with the pore space between 
the clay co l lo ids  being reduced by aggregation,  the s ize  of  the remaining 
pores between the aggregations is  increased.  In ad d i t io n ,  the ro le  o f  the 
immobilised layer  of  water is  reduced. The reduced surface a c t i v i t y  
following s t a b i l i s a t i o n  leads to a reduction in the thickness  and s iz e  
of th i s  layer  and s im i l a r ly ,  with the increase  in the s ize  of  the remaining 
pores5i t s  e f f e c t  is  f u r th e r  reduced.
The o ther  major f a c to r  a f f ec t in g  the permeabil ity  of  the cement 
s t a b i l i s e d  shale  i s  the e f f e c t  of volume changes in the specimens during
curing. Soil-cement is  known to shrink during cur ing ,  due e i t h e r  to
the loss of  water to the the surrounding environment or to the migration
of  water from the pores in the so i l  matr ix to those within the coarser
p a r t i c l e s .  Within many mate r ia ls  the shrinkage i s  non-uniform and 
th i s  leads to cracking.  These cracks can s ig n i f i c a n t l y  increase  the
(91)
permeabil ity  . Visual inspect ion  of specimens of  cement s t a b i l i s e d
unburnt shales in th i s  in v e s t ig a t io n  revealed t h a t  those with a large
proport ion o f  f ine  mater ia l had surface cracks which were possib ly
accompanied by in te rn a l  cracks t h a t  could increase the perm eabi l i ty .  The
cracks were p a r t i c u l a r l y  no t iceab le  in the Peckfield and the B u l lc ro f t
(92)
specimens. Kolias has reported t h a t  cracks can be formed during 
specimen preparat ion  and ex t ru s io n ,  but th i s  phenomenon was not  observed 
in th i s  s tudy,  although such cracks are l i k e ly  to be enlarged when sh r ink ­
age occurs.  However, these cracks would be perpendicular  to  the d i r e c t io n  
of  flow and so t h e i r  e f f e c t  on permeabil ity  would be l im i ted .
The increase  in permeabil ity  following cement s t a b i l i s a t i o n  is  probably 
due to a combination o f  these f a c to r s .  The e f f e c t  of  both mechanisms i s  
l i k e ly  to become more pronounced with increase  in the amount of  f in e  mater ia l  
s ince th i s  would produce more aggregation and more cracking.  This is  
supported by the t e s t  r e s u l t s ,  the values of  permeabil ity  of  the  cement 
s t a b i l i s e d  shale  from Peckf ie ld ,  B u l lc ro f t  and Tilmanstone d i f f e r i n g  by 
a t  l e a s t  one order  of  magnitude from the values f o r  the corresponding unbound 
sha les .  In c o n t r a s t ,  the permeabil ity  of  the s t a b i l i s e d  sha le  from C h i s l e t ,  
a r e l a t i v e ly  coarse ly graded sha le ,  is  of  the same order  of  magnitude 
as t h a t  of the unbound shale .
I t  has been suggested ( ^ ) t h a t  cement can reduce the perm eabi l i ty  of  
a so i l  by f i l l i n g  the voids with the so l id  products of  hydrat ion .  This i s  
in c o n f l i c t  with the t e s t  r e s u l t s ,  but such an e f f e c t  i s  l i k e l y  to  become
more apparent as the cement content  i s  increased.  The e f f e c t  of  cement 
content i s  not c l e a r  from the r e s u l t s  of  the seven day t e s t s  in Table 7.6.
The behaviour of Peckfield sh a le ,  a f in e ly  graded unburnt s h a le ,  is  p a r t -  • 
i c u l a r ly  i n t e r e s t i n g  s ince  permeabil ity  p rogress ive ly  increases  with increase  
in cement con ten t ,  reaches a l im i t in g  va lue,  and then decreases with f u r th e r  
increase  in cement content.  This suggests t h a t ,  a t  low cement con ten ts ,  
permeabil ity  i s  governed by the e f f e c t s  of  aggregation and shrinkage 
cracking bu t ,  when the cement content  i s  in the range of  10 to  20 per  cen t ,  
the pore f i l l i n g  act ion  of  the cement hydration causes the perm eabi l i ty  to 
be progress ive ly  reduced. The f a c t  t h a t  such a well defined p a t te rn  does 
not emerge from the values measured on o ther  shales  suggests t h a t  the  perm­
e a b i l i t y  i s  in each case governed by both aggregation and pore f i l l i n g  and 
these ac t ions  are in c o n f l i c t .
Although the major ity of  the permeabil ity  t e s t s  on cement s t a b i l i s e d  
shales  were undertaken a t  an age of  seven days, some t e s t s  were undertaken 
a f t e r  30 days and also a f t e r  90 days curing. In a l l  cases ,  permeabi l i ty  
decreased with increase  in curing period and th i s  i s  a t t r i b u t e d  to  the pore 
f i l l i n g  act ion of  the products of the continuing hydrat ion process .  Only 
two shales  were t e s t e d ,  the reduct ion in permeabil ity  with inc rease  in 
age a t  t e s t  was more marked with the Ch is le t  shale  than with the Peckf ie ld  
shale and th i s  may r e f l e c t  the cracking detected  in the Peckf ie ld  sha le .
For example, a f t e r  90 days, the permeabil ity  of C h is le t  specimens with 10 
per cent cement was lower, by almost one order  of magnitude, than the 
corresponding value a f t e r  seven days. In c o n t r a s t ,  fo r  Peckf ie ld  sh a le ,  
the permeabil ity  a f t e r  90 days was only marginally less  than the seven 
day value. Thus in the Peckfield m a te r ia l ,  the e f f e c t s  of  cracking and 
i n i t i a l  aggregation dominate w h i l s t  in the C h is le t  mater ia l  the pore 
f i l l i n g  act ion becomes increas ing ly  e f f e c t iv e  as hydration proceeds.
Brandi has repo r te d  th a t  the a d d i t io n  o f  cement to  f in e - g r a in e d
s o i ls  leads to  an inc rease  in  p e rm e a b i l i t y ,  the inc rease  depending on the
nature of  the s o i l ,  the cement content  and the curing per iod.  In c o n t r a s t ,  
Sutherland and G a s k in ^ 3 ) have reported  t h a t  the addit ion of  cement to 
pulver ised fuel ash leads to  reduct ion in permeabil ity  bu t ,  in th i s  case ,  
the cement i s  probably act ing as a pore f i l l e r ^ )  s ince the ashes did not 
contain clay minerals or  co l lo id s .
The permeabil ity  of  unbound and cement s t a b i l i s e d  shales  i s  c l e a r ly  a 
complex matter  and, although ce r ta in  c h a r a c t e r i s t i c s  have been, r epo r ted ,  
f u r th e r  study i s  necessary in order  to  f u l l y  understand the permeabi l i ty  
of  these m a te r ia ls .
CHAPTER 8
STRENGTH OF THE CEMENT STABILISED SHALES •
8.1 In troduction
This p a r t  o f  the work was an extension of  a prel iminary i n v e s t i g a t i o n ^ )  
but both the scope of  the t e s t s  c a r r i ed  out and the number of  shales  
examined were g rea t ly  increased .
I t  was decided to measure the compressive, i n d i r e c t  t e n s i l e  and d i r e c t  
t e n s i l e  s t r e n g th s .  The compressive s trength  was included because t h i s  i s  
the basis  fo r  compliance in the cur ren t  DoE S p e c i f i c a t i o n ^ )  f o r  Road and 
Bridge Works. I t  i s  a lso  the proper ty reported in the g rea t  major i ty  o f  
papers dealing with cement s t a b i l i s e d  m ater ia ls  so t h a t  i t  provides a means 
fo r  comparison.
The t e n s i l e  s t reng th  t e s t s  were judged to  be necessary p a r t ly  because
the f i e l d  performance of  cement s t a b i l i s e d  road bases i s  g r e a t ly  inf luenced
(9 3 )
by t h e i r  t e n s i l e  s t r e n g t h  ' and p a r t ly  because i t  was considered t h a t  the 
mechanism of  f a i l u r e  during f r o s t  heave t e s t s  was l ik e ly  to be influenced 
by t e n s i l e  s t ren g th .  The i n d i r e c t  tension t e s t  was used because of  i t s  
r e l a t i v e  s im p l ic i ty ,  w h i l s t  the decis ion was made to undertake d i r e c t  
tension t e s t s ,  in s p i t e  of t h e i r  acknowledged d i f f i c u l t y ,  s ince  they 
offered  the p o s s i b i l i t y  of  evaluat ing the p roper t ie s  without  assuming 
e l a s t i c  behaviour under load.
However, before t h i s  p a r t  of  the in v e s t ig a t io n  could be commenced, i t  
was necessary to e s ta b l i sh  procedures fo r  mixing the s t a b i l i s e d  mater ia l  
and fo r  preparing specimens, taking in to  account the p a r t i c u l a r  nature  of  
c o l l i e ry  sha le .
8.2 I n i t i a l  considera t ions
8.2.1 Mixer s e le c t io n  The preliminary in v e s t ig a t io n  had produced 
data  which suggested t h a t  the p roper t ies  of  the s t a b i l i s e d  sha le  depended 
on the e f fec t iveness  of  the mixing ac t ion .  A study was th e r e fo re  undertaken 
of  the three  mixers ava i lab le  in the l abo ra to ry ,  d e t a i l s  of  which are given
i n  Table 8 .1 .
The material  used fo r  th i s  pa r t  of the in v es t ig a t io n  was unburnt
shale from Chis le t  c o l l i e r y ,  Kent, s t a b i l i s e d  with 10 per cent  of  cement.
The comparison was made in terms of  the breakdown of  mater ia l  during mixing
and subsequently during compaction, and of the 7 day and 14 day compressive
s t r en g th s .  To determine the ex ten t  of  breakdown, grading t e s t s  were
(131c a r r ied  out by wet s ie v in g v 1 and compressive s t reng th  was measured on
101.6 mm x 50.8 mm diameter cyl inders  produced using constant  volume
m o u l d s ^ ) .  Specimens of  th i s  s iz e  were judged to  be acceptable  a t  t h i s  
s tage s ince  the proport ion of  coarse m a te r ia l ,  19 mm to 9.5 mm, was
r e l a t i v e ly  low, e sp e c ia l ly  a f t e r  mixing.
The r e s u l t s  of grading t e s t s  are p lo t t ed  in Figures 8.1 and 8 .2 ,  
each p lo t  being the mean of  th ree  t e s t s .  These curves do not extend 
below the 150 ym sieve s ize  because the cement was removed by washing the 
sample through a 150 ym s ieve before carrying out  the grading t e s t .
Figure 8.1 i l l u s t r a t e s  t h a t  the grading of  the mixed materia l depends 
on the mixer used, the breakdown increasing  with i n t e n s i t y  of  mixing 
act ion and being most marked with the double -Z blade pug-mill mixer.  
However, the data p lo t ted  in Figure 8.2 show t h a t  the grading a f t e r  
mixing and compaction is  s im i la r  fo r  the mater ia l from each of  the th re e  
mixers, the mater ia l  from the pan mixer having undergone considerably  
more breakdown during compaction than t h a t  from the o ther  two mixers.
Thus, in comparison with mater ia l  mixed in the more p o s i t iv e  mixers ,  
material mixed in the simple open pan mixer wil l  contain, a f t e r  compac­
t i o n ^  higher  proport ion of shale  faces t h a t  have not been coated.with  
cement paste  and th i s  would be expected to r e s u l t  in a lower s t r e n g th .
This i s  supported by s treng th  r e s u l t s  in Table 8 .2 .
These r e s u l t s  c le a r ly  show increase  in s trength  with inc rease  in 
i n t e n s i t y  of mixing ac t io n ,  both fo r  the 7 day and the 14 day va lues .
A s t a t i s t i c a l  analysis  of  the 7 day values has shown t h a t - t h e  s t ren g th  
of  the material  prepared in the double-Z blade mixer is  s i g n i f i c a n t l y
Table 8.1 Mixer  c h a r a c t e r i s t i c s
Mixer Type Capacity
Blades
( l i t r e s ) Arrangement Clearance(mm)
Cretangle Simple 
Open pan
5.4 1 , e c c e n t r i c ,  f ree +20
Peerless  (food mixer) Pos i t ive  
Open pan
0 .8 1 , e c c e n t r i c ,  powered 7.5
Winkworth Double-Z P o s i t iv e  
Pug mill
0 .8 2 , e c c e n t r i c ,  powered 5.0
Table 8.2 Strength r e s u l t s  fo r  mixer comparison
Compressive Strength
Mixer No of Batches 7 day 14 day
Average 
■ (MN/m2 )
Range
(MN/m2 )
Coeff ic ien t  
of  Variat ion 
(%)
Average
(MN/m2 )
Range
(MN/m2)
Cretangle 3 3.15 2.67-3.70 12 4.04 3.39-4.94
Peer less 3 3.50 3.28-3.91 7.5 4.76 4.17-5.00
Winkworth 3 4.35 3.91-4.49 6 . 0 5.10 4.66-5.41
Notes: (1) Cement con ten t ,  10 per cent ;  water con ten t ,  7.5 per cent .
(2) Specimens compacted to 97.5 per cent of  the maximum dry
density  as determined by the BS Heavy Compaction Test(V')
Dry density  = 2100 kg/m3 and Bulk density  = 2260 kg/m3.
(3) S t a t i s t i c a l  a n a ly s is ,  using Student 's  t ,  ind ica tes
th a t  the r e su l t s  from Winkworth mixer are 
s ig n i f i c a n t l y  g rea te r  than those from the two 
o ther  mixers.
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g rea te r  tnan triat  o t  tne mater ia l prepared in e i t n e r  or tne o tne r  two 
mixers and there  i s  a lso  less  v a r ia t io n  in s treng th  of t h i s  m ate r ia l . .  This 
mixer produced a uniformly crushed m a te r ia l ,  t h a t  subsequently su ffered  
l i t t l e  breakdown during compaction. In c o n t r a s t ,  mater ia l produced in the 
o ther  mixers contained uncrushed, coarse p a r t i c l e s  and the number and 
d i s t r i b u t io n  of these  p a r t i c l e s  i s  l i k e l y  to  have varied between specimens 
so t h a t  the ex ten t  o f  the breakdown was not the same for  a l l  specimens.
The v a r ia t io n  in s t reng th  i s  evident  from the r e s u l t s  given in Table 8 .2 .
The cu r ren t  s p e c i f i c a t i o n ^ )  fo r  soil -cement requires  the use of  
e i t h e r  power driven paddle or pan type mixers fo r  p lan t  mixed m a te r ia l .
In an attempt to s imulate f i e l d  condit ions in t h i s  r e sp ec t ,  i t  was t h e r e ­
fore decided t o ‘use the simple open pan mixer fo r  the main in v e s t ig a t io n ,  
even though t h i s  would give a conservat ive es timate  of  the po ten t ia l  
s t reng th  a t t a in a b le  using more p o s i t iv e  mixing. This mixer was a lso  
s u i t a b le  f o r  use with burnt  c o l l i e r y  s h a le s ,  there  being s u f f i c i e n t  
c learance between the blade and the pan to accommodate th i s  r e l a t i v e l y  
s trong m a te r ia l .  The capacity  of  the pan mixer a l so  enabled reasonably 
large mixes to be produced in the labora to ry .
8 .2 .2  Select ion  of  specimen s ize  I t  was decided to produce specimens
of a s ize  th a t  would meet curren t  r e q u i r e m e n t s ^ )  in p r a c t i c e .  For
medium grained s o i l s , such as c o l l i e r y  sh a le ,  the cy l in d r ic a l  specimens
sp e c i f ie d  are 203.2 mm x 101.6 mm diameter.  However, s ince one of  the
aims of  the in v es t ig a t io n  was to examine the r e l a t io n s h ip ,  i f  any, between
f r o s t  heave and s t r e n g th ,  i t  was decided to  adopt specimens of  the  s iz e
(9)
used fo r  the f r o s t  heave t e s t s  , namely 152.4 mm x 101.6 mm diameter ,  
cy l inders .  Whilst  these are sh o r te r  than the spec i f ied  s t ren g th  t e s t  
specimens, t h e i r  use offered  a convenient basis  fo r  examining the  p o s s i b i l i t y  
of a r e l a t io n s h ip  between s t reng th  and heave.
The specimens were produced to the same es timated a i r  con ten t  as 
the unbound shale specimens, th i s  being based on the r e s u l t s  of  a
BS compaction t e s t ^ ) ,  using the procedure described in Chapter 5 fo r  
making f r o s t  heave specimens. Specimens compacted s t a t i c a l l y  a re  l ik e ly  
to contain density  gradients  but i t  is  b e l i e v e d ^ )  th a t  the procedure 
fo r  producing f r o s t  heave specimens reduces th i s  tendancy. This was 
checked on a number of specimens a t  the Road Research Laboratory using 
the gamma-ray core s c a n n e r .  The r e s u l t s  showed l i t t l e  evidence of  
major density  v a r i a t io n s ,  but they ind ica ted  t h a t  the dens i ty  was s l i g h t l y  
h igher ,  by about 5 per cen t ,  in the regions up to 25 mm from each end of  
the specimen. A dd i t iona l ly ,  152.4 mm cubes v/ere compacted to  refusa l  by 
v ib ra t ion  under p ressu re ,  using a s t a n d a r d ^ )  v ib ra t ing  hammer, so as to 
obtain data which would allow the e f f e c t  of dens ity  on compressive s t reng th  
to be es timated.
All the specimens were cured a t  constant  moisture con ten t .  Wax 
dipping was used, except fo r  specimens which were unstable immediately a f t e r  
compaction since they had poor in te rn a l  cohesion ; These, were cured 
in sea led ,  polythene bags. This l a t t e r  technique was a lso  used fo r  curing 
cubes, th i s  depar ture  from the recommended u s e ^ )  of  e i t h e r  wax or
/°c \
sealed t i n s  has not been found to produce s i g n i f i c a n t  e r r o r s ^  The mode 
of  curing i s  given where appropria te  in the r e s u l t s .
8.3 Test methods
(17)8.3.1 Compressive s t reng th  The t e s t  procedure followed BS 1924:1967v 
fo r  medium-grained s o i l s  except t h a t  the loading r a t e  was modified.  For 
cy l inders  the load i s  to be appl ied a t  a constant r a t e  of  s t r a i n  bu t ,  
s ince the only ava i lab le  s t r a i n  con t ro l led  machine had a l im i ted  capac i ty ,  
the load was appl ied a t  the constant r a t e  of  s t r e s s  increase  of  
3.43 MN/m2/min (500 l b f / i n 2/min) which i s  the recommended r a t e  fo r  cubes.
The compressive s t reng th  r e s u l t s  are  given in Table 8 .3 .  The r e s u l t s  
of the t e s t s  on cubes, compacted to r e f u s a l ,  are given in Table 8.4 and 
fo r  comparison the cy l inder  s t reng ths  given in Table 8.3 are  a l so  included
Sample Cement
Strength (MN/m2)
(%) Compression I n d i r ec t  tension Direc t  tension
Unburnt 
Bed!ay 5 2.50 0.30 0.13
10 3.77 0.53 0 .22
Betteshanger 5 1.71 0 .22 0.16
10 3.38 0.44 0.30
15 4.93 0.62 0.39
Brodsworth 5 1.44 0.19 0.13
10 2.23 0.36 0.19
Bull c r o f t 5 1.30 0.15 0.09
10 2.19 0.27 0.14 '
Chis le t  4 5 2.29 0.33 0.17
10 4.11 0.58 0.27
15 5.65 0.83 0.33
Peckfield 2 | 1.18 0.13 0.08
5 1.41 0.18 0.11
7| 1.92 0.23 0.15
10 2 .10 0.27 0.17
15 2.64 0.35 0.19
20 3.15 0.44 0 .2 0
Rothwell 1 5 1.50 0.22 0.13
10 2.63 0.40 0.16
Snowdown 1 5 1.61 0.19 0.13
10 2.91 0.38 0 .2 0
Tilmans tone 1 5 1.74 0.21 0.13
10 3.02 0.38 0.21
15 4.09 0.51 0.25
Burnt
Tilmanstone 3 5 1.39 0.14 0.13
10 3.14 0.56 0.39
Thornley 5 1.88 0.26 0.17
10 3.65 0.51 0.33
Part-Burnt 
Tilmanstone 2 5 2.12 0.32 0.18
10 3,84 0.61 0.34
15 5.34 . 0 . 8 6 ............. ........  0.43.
Notes: (1) For each mix the s t reng th  r e s u l t s  are mean values based on
the r e s u l t s  of three compression t e s t s ,  th ree  i n d i r e c t  
tension t e s t s  and four d i r e c t  tension t e s t s .
(2) The specimens were compacted a t  the optimum moisture  content  
determined from a BS compaction t e s t  on the  sha le  alone.
(3) The level of compaction was based on the maximum dry dens i ty  
determined from a BS compaction t e s t  on the sha le  alone.
Table 8.4 Effec t  of Dry Density on 7-day Compressive 
Strength
152.4 mm x 101.6 mm (dia)  Cylinders 101.6  mm x 101 .6  mm Cubes
Shale Dry Density 
(Mg/m3)
Strength
(MN/m2)
Eq. Cube 
(MN/m2)
Dry Density 
(Mg/m3)
Strength
(MN/m2)
Unburnt
Betteshanger 1.73 3.38 3.65 1.80 5.25
C his le t  4 1.95 4.11 4.45 2.06 7.71
Peckfield 1.65 2.06 2.23 1.72 3.15
Snowdown 1 1.83 2.91 3.15 2.03 8.56
Tilmanstone 1 1.56 3.01 3.26 1.63 5.24
Burnt
Tilmanstone 3 1.39 3.15 3.40 1.53 7.03
Notes: (1) All specimens had a cement content  of  10 per cent .
(2) All m a ter ia ls  produced a t  optimum moisture content
based on BS compaction t e s t O ^ )  ca r r ied  out on shale  alone.
(3) Cyl indrical  specimens produced to maximum dry dens i ty  
as found from BS compaction t e s t .
(4) Cubes produced by compaction to refusal  using v ib ra t io n  
under pressure ,
(5) Cylinder s t reng ths  converted to equivalent  cube values,
using the conversion f ac to rs  published by Symons(9^).
but they have been converted to equiva lent  cube s t rengths  using a con­
version f ac to r  based on the work of  Symons (9 6 ) .
8 .3 .2  In d i re c t  t e n s i l e  s t reng th  The t e s t  procedure followed t h a t  
given in BS 1881:1970 p a r t  4 ^ ) fo r  t e s t in g  cylinders  with a 101.6 mm 
diameter.  Plywood s t r i p s  measuring 13 mm wide by 3 mm th ick  were used 
and the load was applied  so as to increase  the s t r e s s  a t  a r a t e  of  
0.69 MN/m2/min (100 1b f / i n 2/min) .  The r e s u l t s  are given in Table 8 .3 .
8 .3 .3  Direct t e n s i l e  s t reng th  The t e s t  procedure was based on a 
t e s t  developed by Hugh.es and C h a p m a n f o r  determining the t e n s i l e  
p roper t ie s  of concrete  and mortar.  Cyl indrical  specimens of  the s ize  
used fo r  the compression and i n d i r e c t  tension t e s t s  were loaded d i r e c t ly  
in tension through s te e l  p la te s  glued to the end faces with an epoxy
res in  glue (Bostik 2005, formerly described as Bostik 39A210). This glue was 
used success fu l ly  by Hughes and Chapman and had the advantage t h a t  i t  
could be applied  to a damp s u r f a c e ^ ) .
After  th ree  days cur ing ,  the wax was removed from the end faces of
the specimen with a sharp knife  and the end surfaces  l i g h t l y  wire 
brushed to remove any loose m ate r ia l .  They were then cleaned with 
t r i c h lo ro e th y le n e .  The end caps, which were formed from 25.4 mm mild 
s tee l  p l a t e ,  were a lso  cleaned with t r i ch lo roe thy lene  a f t e r  removal from 
an oven operat ing a t  60°C.
The two-phase epoxy res in  glue was then mixed and one face of  the 
specimen coated with a layer  of  glue,  a f t e r  which the specimen was 
placed on an end cap posit ioned on the base p la te  o f  a v e r t i c a l  capping 
j i g ,  shown in P la te  8 .1 .  Light hand pressure  was applied  to  the specimen 
u n t i l  glue was seen to exude.a l l  around the i n t e r f a c e .  This operation 
was repeated fo r  the upper end of  the specimen placing the end cap on the
top of  the specimen. F ina l ly  the upper end of the j i g  was f i r m l y . pushed
in to  p o s i t io n ,  and the whole system r ig id ly  clamped for  15 minutes a f t e r  
which the specimen was removed and re turned to the curing room. Specimens
Capping Jig
Specimen under test
Plate 8*1 Direct tension test
cured in polythene bags were s im i la r ly  t r e a t e d  and returned  to  the bags 
a f t e r  capping, the loss in weight during th i s  process being less  than 
2 grams.
In order  to reduce the e f f e c t s  of  e c c e n t r i c i t y , the load was a p p l i e d ^ )  
through f l e x ib l e  cables .  Each cable was 150. mm long, with an outs ide  
diameter of  5 mm and each end was f i t t e d  with a 50 mm length of  \  in 
BSF thread .  For tension  t e s t i n g ,  a cable was threaded in to  a hole located  
c e n t r a l ly  a t  the back of  each end cap. The specimen was held in the jaws 
of the Amsler t e s t i n g  machine used fo r  th i s  work, as shown in P la te  8 .1 .
Load was applied  so as to increase  the s t r e s s  a t  a r a te  of  0.69 MN/m2/min 
(100 l b f / i n 2/m in ) , the maximum load and the pos i t ion  of  the f a i l u r e  being 
recorded. The values o f  the d i r e c t  t e n s i l e  s t reng th  are given in Table 8 .3 .
After  t e s t i n g ,  the bulk of the mater ia l  was removed from the end caps 
with a hammer and the caps placed in an oven a t  140°C f o r  four  hours.
The remaining material  and glue could then be removed with a c h i s e l ,  
f in a l  c leaning being done with t r i c h lo ro e th y le n e .
The basic  d i f f i c u l t y  with t e n s i l e  t e s t s  on cemented m a te r ia ls  is  to  
achieve uniform t e n s i l e  s t r e s s  without inducing excessive s t r e s s  concen­
t r a t i o n s  where the load is  t r a n s f e r r e d  to the specimen. When, using glued 
end p l a t e s ,  s t r e s s  concentrat ions  wil l  occur a t  .the i n t e r f a c e ,  the  mag­
nitude depending on the r e l a t i v e  values of  Young's modulus and o f  Po isson 's  
r a t i o  fo r  the adhesive and fo r  the mater ia l  under t e s t .  The d i f f e r in g  
l a t e r a l  s t r a in s  produce shear s t r e s s e s  a t  o r  near the i n t e r f a c e .  With 
concrete th is  induces a p r in c ip a l  t e n s i l e  s t r e s s  which is  l a r g e r  than the 
axial t e n s i l e  s t r e s s  in th i s  reg ion ,  the shear  s t r e s s  decreasing with 
increase  in d is tance  from the specimen e n d s ( ^ ^ t  i s  th e re fo re  usual when 
t e s t i n g  concrete or mortar to  use specimens with enlarged ends. Measured 
values of Young's modulus and Poisson 's  r a t i o  f o r  a cement s t a b i l i s e d ,  
unburnt shale are given in Table 8.5 and i t  may be seen t h a t ,  un l ike  those 
for  concrete ,  these  are of the same order  of  magnitude as those f o r  the 
adhesive,  so t h a t  the problem is  less  s e r io u s .  Furthermore, the presence
Table 8.5 Summary of  E la s t i c  Propert ies
Material Young's Modulus E (MN/m2)
Poisson Ratio
V
Lateral S t ra in  
Ratio v/E
Steel
Adhesive
Concrete
Cemented
Shale
20 x 10  ^
0.33 x 10^ 
2 .6 6  x 101*
0.16 x 10V
0.3
0.4
0 .2
0 .2
1.5 x 1 0 ' 6 
120 x 1 0 ' 6
7.5 x 10"6
120 x 10"6
Notes; (1) Figures fo r  s t e e l ,  adhesive and concrete reported  
by Hughes and Chapman.
(2) Figures fo r  cement s t a b i l i s e d  shale were measured
on C h is le t  2 shale  with 10 per cent cement.
A separa te  study has shown t h a t  value of  E
is  dependent upon shale source and degree of
compaction.
of zones of marginally  higher  dens ity  a t  the specimen ends f u r t h e r  reduces 
the problem since these ac t  e f f e c t iv e ly  as enlarged ends. Due to the 
s im i l a r i t y  o f . t h e  e l a s t i c  cons tan ts ,  the e f f e c t s o f  the th ickness  of  
the bonding layer  are a lso reduced.
Figure 8.3 shows the d i s t r i b u t i o n  of the f a i l u r e  pos i t ions  fo r  the 
d i r e c t  tension t e s t s  repor ted ,  and the uniform d i s t r i b u t i o n  suggests  t h a t  
the end e f f e c t s  are not s ig n i f i c a n t .  Typical d i r e c t  tension f a i l u r e s  a re  
shown in Plate  8 .2 .  As a fu r th e r  check , te s t s  undertaken to  determine 
the v a r ia t ion  in s t reng th  with f a i l u r e  locat ion  on 2 x 24 nominally s im i l a r  
specimens and the r e s u l t s  are p lo t ted  in Figure 8.4 .  These show t h a t  the re
i s  no suggest ion t h a t  f a i l u r e  near the specimen ends occurs a t  a reduced
s t r e s s  l ev e l .  I n te r f a c ia l  f a i lu r e s  occurred a t  one s tage in the  main t e s t i n g  
programme and i t  was found t h a t  the  p a r t i c u l a r  del ivery  o f  glue was f a u l ty  - 
when a fresh supply was obtained the re  were no f u r th e r  end f a i l u r e s .
The t e s t  has been compared with the two o ther  s t reng th  t e s t s  in 
terms of the c o e f f i c i e n t  of  v a r ia t io n  and these values are given in Table 8 . 6 .
These show t h a t  the d i r e c t  tension t e s t  compares favourably with the com­
pression and i n d i r e c t  tension t e s t s .
8.4 Discussion of  the t e s t  r e su l t s
For convenience, the tension r e s u l t s  are discussed f i r s t  s ince  the 
discussion of  the compression r e su l t s  leads to  an examination of  supple­
mentary data obtained separa te ly  from a f i e l d  t r i a l .
8.4.1 Tension t e s t s  Doubts have recen t ly  been e x p r e s s e d ^ ^ ^  
as to the r e l i a b i l i t y  of  the i n d i r e c t  tension t e s t  as a measure of  t e n s i l e  
s t reng th  and so d i r e c t  tension t e s t s  were included in th i s  i n v e s t i g a t io n .
The r e su l t s  given in Table 8.3 and p lo t ted  in Figure 8.5  show t h a t  the 
d i r e c t  t e n s i l e . s t r e n g t h  approaches a l im i t ing  value with inc rease  in cement 
content .  In c o n t r a s t ,  the in d i r e c t  t e n s i l e  s t reng th  is  shown to  increase  
l i n e a r ly  with increase  in cement content.  This is supported by the more
CLoI—
oo o oo cn
o
cm
cn
o
cno cno
r-^co r-^co
C \Jo L Oo
_3 r — rd
E 1— •1—
• 1—
rd
E
• r—
in
rd
E Ll . in
O E
• r - 4 - > ,  CD
+-> O r— >
rd r— • 1—
• r ~ E rd cn
E O E r s
0 3 ■ 1— • 1— in
> 4-> E • r — CD CD
•1— O Z3 13
4 — U1 E J E r— 1—
O 0 +-> rd rd
C L cn > >
E CM E
rd _ E CD 1—
E + J X E rd Ecn • 1— +-> rs rd
0 CM in 4-> CD
4 -J O E
in J Z E CD rd
•r- 4-> O J Enr cn
e
4 - 4->
CD CD ~ 0
E E E
4-> rd rd
• IO
CO
CD
in
4->
E
CD
CD ,— 1— E
e •r— 1 3 • r—
rs in in O
cn E CD CD
•r - CD or CL
Li_ »- in
CD
4 -> •
JT01o
CD *r- 
C_ CD 
CO DT
LO
CM
OO LO OL O L OCM
L O LO
*e-
00
cn
co
CLo o4->+->O
CO
E
E CD
.O E
' r — 1—
4~> O
* 1— CD
in CL
O in
Q _
O
OD 4->
JE
4-> +->
0
4 - CD
O CL
in
E CD
rd E
E
c n JE
O +->4-> r -
in 2
■ r—
rc CD
E
rs
CO •1—
• rd
0 0 Ll .
CD CD 4->
E JE J E
Z3 +-> cn
cn •1—
• r — 4-—CD
U_ 0 J E
Specimens after test
Failure surface after test
Plate 8*2 Failures in the direct tension test
Table 8.6 V a r i a t i o n  i n  S t rength  Resu l ts
Test Method Shale Cement
%
Test Results
No. of 
Specimens
Mean Value 
(MN/m2 )
C o ef f ic ien t  of  
Varia t ion  (%)
Compression C h is le t  4 10 10 4.11 12
Compression Peckfie ld 10 12 2 .10 11
Direct Tension C h is le t  4 . 10 11 0.27 10
Direct Tension Chis le t  4 10 12 0.28 14
Direct Tension Peckfield 10 12 0.17 11
Direct  Tension Peckfield 20 12 0.21 12
In d i re c t  Tension Chis le t  4 10 10 0.58 10
I n d i r e c t  Tension Peckf ield 10 10 0.28 13
0.50
Tensi le  Strength ;(MN/m2 )
0.40
In d i re c t  tension
0.30
Direct  tension
0.20
Cement content (%)
Figure 8.5 Re la t ionsh ips  between t e n s i l e  s t re n g th  and cement con ten t
f o r  cement s t a b i l i s e d  Peck f ie ld "  shale "
l i m i t e d  r e s u l t s  i n  F igures  8.6 to  8 .8 .
With unburnt s h a le ,  a low t e n s i l e  s t reng th  would be expected in view 
of the very low t e n s i l e  s t reng th  of  the shale  p a r t i c l e s  . 'T h is  approaches 
zero in some cases s ince  the p a r t i c l e s  can be ea s i ly  pulled a p a r t ,  along
laminations,  by hand. This is fu r th e r  emphasised by the amount of  aggregate
f ra c tu re  apparent in the f a i l u r e  plane shown in P la te  8 .2 .  The cement matrix 
cannot,  fo r  the range examined, provide s u f f i c i e n t  t e n s i l e  s t r e n g th  to over­
come t h i s  weakness and so the t e n s i l e  s t reng th  is  l imited  by the  s t ren g th  of  
the p a r t i c l e s .  The d i r e c t  t e n s i l e  values are cons is ten t  with t h i s  hypothesis 
and i t  would appear t h a t  the i n d i r e c t  t e n s i l e  values show increased  load 
carry ing capacity  due perhaps to p a r t i c l e  in te ra c t io n  e f fe c t s  under the 
packing s t r i p s  as might be in fe r red  from the data publ ised by H a n n 'a n t^ ^ V
Figures 8.7 and 8 . 8  ind ica te  t h a t  the d i r e c t  t e n s i l e  s t r e n g th  i s  of  
the order  of V i 5 t h  of the measured compressive s t reng th .  Although the 
d i r e c t  t e n s i l e  s treng th  of many of the cement s t a b i l i s e d  shales  i s  low
in comparison to t h a t  of  concrete ,  i t  i s  such t h a t  these  m a te r ia ls  are
l ik e ly  to make some contr ibu t ion  to load spreading in a highway pavement.
8 .4 .2  Compression t e s t s  So f a r  as the f i e l d  use of  m a te r ia ls  is  . 
concerned, the compressive s t reng th  values given in Table 8 .3  are  u n l ik e ly ,  
a t  f i r s t  s i g h t ,  to comply with the cu r ren t  r e q u i r e m e n t s ^ ^  f o r  so i l -cement  
which requ ire  a t a r g e t  s trength  of 4.2 MN/m2 (600 l b f / i n 2 ) a t  the  mix 
d e s i g n ' s t a g e T h i s  value applies  to cy l in d r ica l  specimens compacted 
to the density  l ik e ly  to be achieved in the f i e l d .  The values in Table
8.3 r e l a t e  to the BS standard compaction level and are th e re fo re  l i k e l y  
to underestimate the f i e l d  values. I t  would th e re fo re  appear t h a t  8 of  
the 12 shales  might merit  fu r th e r  cons idera t ion .
Resul ts  obtained on cubes compacted to  refusal  are given in Table 8 .4 .  
These specimens are compacted more thoroughly than i s  the case in the  f i e l d ,  
but the water content is  higher so t h a t  i t  is not poss ib le  to p r e d i c t  
f i e l d  s t reng ths  d i r e c t ly  from these r e s u l t s .  They are l i k e l y ,  however, to
give some ind ica t ion  of  the order  of s t reng th  t h a t  wil l  normally be achieved.
/
/Tensi le  Strength (MN/m2 )
/ /
Tilmanstone 2
Betteshanger
Indi r e c t  
tension
Di r e c t  
tension
Cement Content (%>)
Figure 8.6  Typical re la t io n sh ip s  betv/een t e n s i l e  s t reng th  and 
cement content for  cement s t a b i l i s e d  shale
Tensi1e Strength (MN/m2 )
In d i re c t  tension
Direct  tension
Compressive Strength (MN/m2 )
Figure 8.7 R e la t io ns h ip  between t e n s i l e  s t ren g th  and Compressive
St rength  f o r  Cement S t a b i l i s e d  P e c k f i e ld  shale
/0.8
0.6
0.4
0 . 2
/
© Chis le t  4 
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© Betteshanger
Compressive Strength (MN/m2 )
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Figure 8 .8  Typ ica l  r e la t i o n s h ip s  between t e n s i l e  s t re n g th  and
compressive s t ren g th  f o r  cement s t a b i l i s e d  sha le
They a lso  provide an addi t ional  c r i t e r i o n  fo r  judging the response to cement 
s t a b i l i s a t i o n  of the various sha les .  Taking 10 per  cent cement as the 
economic l im i t  fo r  general a p p l i c a t io n ,  4 of the 5 unburnt shales  in Table 8.4 
would meri t  more de ta i l ed  t e s t i n g .  The r e s u l t s  show t h a t  fo r  cement 
s t a b i l i s e d ,  unburnt sh a le ,  an increase  of  1 per cent  in dry dens i ty  
increases  compressive s t reng th  by about 10 per cen t .
The above discussion shows the manner in which the i n t e r p r e t a t i o n  
of  s t reng th  values depends on the degree of compaction achieved in the 
f i e l d .  I t  was there fo re  decided to lay a t r i a l  length of  cement 
s t a b i l i s e d  unburnt shale  in order  to determine the f i e ld  dens i ty  and to  
obtain, information regarding the v a r ia t io n  in s i t e c u b e  r e s u l t s .
8.5 Field t r i a l  with cement s t a b i l i s e d  unburnt shale
This was undertaken as a j o i n t  p ro jec t  between the National Coal Board, 
the University of Surrey and the Materia ls  Section of  Kent County Council .
Much of  the t e s t i n g  was ca r r ied  out under the d i re c t io n  of  the above bodies ,  
by commercial t e s t i n g  consultants  - Cementation Ground Engineering Limited.
The t r i a l  took place a t  Ch is le t  c o l l i e r y ,  Kent, using shale  from Snowdown 
c o l l i e r y .  The d e t a i l s  r e s u l t s  of the t r i a l  have been reported  e l s e w h e r e ^ 0^  
The shale was screened on a 50.8 mm mesh and a sub-sample sen t  to  the 
Universi ty  fo r  prel iminary t e s t i n g .  The r e s u l t s  given in Table 8.7  shov/ed 
the raw mater ial to be a well-graded,  n o n -p la s t i c ,  n o n - f ros t  su sc ep t ib le  
shale t h a t  s a t i s f i e d  the requirements of  the DoE S p e c i f i c a t i o n ^ ^  f o r  
mater ia l to be s t a b i l i s e d  as so i l -cem ent>
Mixes containing 10 per cent cement were produced a t  each of  th re e  • 
moisture contents and 152.4 mm cubes were compaced to refusa l  using v ib ra t io n  
under pressure .  A number of cubes were compacted s t a t i c a l l y  and others  were 
prepared with a cement content of 5 per cent .  The r e s u l t s  of  these  t e s t s  
are summarised in Table 8 . 8 . The r e s u l t s  show the e f f e c t  of  mix moisture  
content  on compaction and on s t r e n g th ,  and led to a moisture content  of
Table 8 .7  P rope r t ie s  o f  the Raw Snov/down shale used in  the F i e ld  T r i a l
Grading (% passing t e s t  s ieves)
50 mm 20 mm 10 mm 5 mm 600 ym 300 ym 75 ym
MoT requirements 
fo r  so il -cement
Snowdown 2
100
100
45
80
35
69
25
(-K)r f  
47
8
i n e r - * ) 
14
5
10
0
5
P l a s t i c i t y Frost  Heave (mrii)
Results of  P l a s t i c  and Liquid Limit 
Tests show the Snowdown shale  to be 
non -p la s t ic
Mean Value 
5.0
Range 
4.0 to  6 .4
Table 8 . 8  Summary of Strength Tests on S ta b i l i s e d  Snov/down Shale
Cement
Content
%
Moisture
Content
%
Density
7-day Compressive 
Strength 
(MN/m2)
Compaction of 
SpecimensBulk
(Mg/
Dry
m3)
10 1.98 1.89 2.23 Dynami c
10 6 2.23 2.10 8.41 Dynamic
10 71 • 2 2 .20 2.06 8.06 Dynami c
5 . 6 2.21 2.09 5.48 Dynamic
10 7 1.95 1.82 2.69 S t a t i c
10 7 2.09 1.95 4.62 S ta t i  c
10 7 2.21 2.07 5.76 S t a t i c
Notes: (1) Dynamic compaction re fe r s  to v ib ra t ion  under p ressure .  
(2) S t a t i c  compaction re fe r s  to compression in a jack .
7 ± 1 per cent being recommended fo r  the t r i a l .  I t  was a lso  apparent  t h a t  
the method of  compaction, as d i s t i n c t  from the degree of  compaction, 
a f fec ted  the cube s t r e n g th ,  dynamic compaction giving higher  s t r e n g th s .
I t  is  suggested t h a t  v ib ra t io n ,  during compaction, causes the cement pas te  
to flow and to  coat the faces formed as the aggregate p a r t i c l e s  f r a c t u r e .
In the t r i a l ,  t e s t  specimens were prepared by dynamic methods, but  some
addi t ional  specimens were compacted s t a t i c a l l y  and a ‘s im i la r  d i f fe rence  
was observed.
For the f i e l d  t r i a l ,  i t  was decided to  aim f o r  a t a r g e t  dens i ty  o f
95 per cent of the max'imum dry d ens i ty ,  the equ iva len t  bulk dens i ty  being
2.10 Mg/m3. In the t r i a l ,  specimens were prepared to th i s  t a r g e t  dens ity  
and to higher  and lower values so as to determine the e f f e c t  of  dens ity  
on s t ren g th .  For cubes the t a r g e t  s t reng th  required a t  the mix design 
s tage i s  5.3 MN/m2 (750 l b f / i n 2 ) ^ )  Based on the assumption t h a t  the 
t a r g e t  dens i ty  would be achieved, shale  s t a b i l i s e d  with 10 per  cen t  cement 
would more than s a t i s f y  the s t reng th  requirements . I t  was considered
t h a t  a lower cement content might be s u f f i c i e n t  bu t ,  in view of  the lack
of data on f i e l d  d ens i ty ,  a cement content  of  10 per  cent was recommended, 
fo r  the t r i a l .
The material  was processed in an open pan mixer f i t t e d  with powered 
blades and, a f t e r  de l ivery  to  the s i t e ,  i t  was l a id  with a Drot excavator .  
Compaction was by r o l l i n g ,  both smooth-wheeled and v ib ra t in g  r o l l e r s  
being used. Fie ld density  v/as measured both by sand replacement t e s t s  arid 
with a nuclear  density  t e s t e r  and the average f i e l d  density  was f o u n d ^ ^
to be equal to the t a r g e t  density  of  2.10 Mg/m3.
The r e s u l t s  of  the s i t e  cube t e s t s  are p lo t ted  in Figure 8.9 and show
t h a t ,  a t  the average f i e ld  d en s i ty ,  the 7 day s t reng th  was of  the  order  of
7.25 MN/m2 . This i s  in excess of the s p ec i f i ed  v a l u e ^ ^  and, a d d i t i o n a l l y ,  
the v a r ia t io n  in the s t reng th  r e s u l t s  was low. In subsequent work, the 
cement content  could be reduced to a value of  8 per cent  and, with f u r t h e r
experience,  an even lower value may be adequate.
10.0
8.0
6. 0
4.0
2 . 0
Target density  (2.10 Mg/m2 ) 
= Average f i e ld  dens i ty .
Compressive Strength (MN/m2 )
Cube Strength = 7.25 MN/m2
8 ± 4%.
( i )  Moisture content  values within
( i i )  Each poin t  i s  a mean of  10 
values ,  except fo r  the value 
a t  1.91 Mg/m3, which is  only 
based on 4 v a lu es .
2.30
Figure 8.9 Relat ionship between 7-day cube s treng th  and bulk dens i ty  
for  the cubes produced during the f i e ld  t r i a T  '
Tests were also  ca r r ied  out to determine the grading, moisture content  
and cement content  of the mixed m a t e r i a lO 0 4 ) . The moisture and cement 
contents  agreed very c lose ly  with the sp ec i f ied  values and the grading 
t e s t s  showed th a t  s i g n i f i c a n t  breakdown had occurred during mixing.
This permitted e f f i c i e n t  coat ing of  the shale with cement pas te  and t h i s  
may account f o r  the s i t e  cubes having s l i g h t l y  higher  s t reng ths  than the 
laboratory  cubes. The pan mixer used fo r  the laboratory  s tud ies  was 
shown in 8 . 2.1  to produce only l imi ted  breakdown.
In conclusion the t r i a l  has shown t h a t  th i s  p a r t i c u l a r  sha le  can be 
s t a b i l i s e d  with an economic amount of cement and t h a t  no major problems 
were encountered in mixing, laying and compacting. The mix designed in 
the laboratory  was success fu l ly  used fo r  the t r i a l ,  although minor a d j u s t ­
ments to the moisture content  were necessary to  allow fo r  evaporat ion 
during t ranspor t ing  and laying.
CHAPTER 9
FROST HEAVING PRESSURES
9.1 In troduction
In an attempt to develop a quick-index t e s t  for  judging f r o s t  s u s c e p t i b i l i t y  
work was d i rec ted  towards examining a l t e r n a t iv e  t e s t  methods. I t  has been 
s u g g e s te d (^ ) (5 9 ) .  measurenient  0f  pressures  developed when heaving 
i s  r e s t r a in e d  could lead to  some s im p l i f i ca t io n  of  the t e s t i n g  procedures and 
so i t  was decided to concentrate  th i s  pa r t  of  the in v es t ig a t io n  on the measure­
ment of  th i s  pressure .  In ad d i t io n ,  such measurements could provide more 
fundamental information fo r  a f u l l e r  understanding of  the mechanism of  f r o s t  
ac t ion .  I t  was a lso  f e l t  t h a t  th i s  approach might be p a r t i c u l a r l y  s u i t a b l e  
f o r  assessing the possib le  e f f e c t s  of  f r o s t  on cement s t a b i l i s e d  m ate r ia ls  
which are not e x p l i c i t l y  catered fo r  in the f r o s t  heave t e s t  ^
In order  to pursue th i s  s tudy,  i t  was necessary to s e t  up s u i t a b l e  
t e s t i n g  f a c i l i t i e s  fo r  measuring heaving pressure .  At th i s  s ta g e ,  in the 
autumn of  1970, i t  was expedient to follow s im i la r  l in e s  to those used in 
America by the US Army Corps of  Engineers,  the work having been reported  by 
Hoekstra,  Chamberlain and Frate j ^ e apparatus u l t im a te ly  developed
was very s im i la r  to t h a t  used in the USA.
9.2 Deta i ls  of  the apparatus
The apparatus i s  shown in P la te  9.1 and in Figures 9.1 and 9 .2 .  I t  
cons is ts  of  a c y l i n d r i c a l ,  s tee l  mould 101.6 mm, diameter ,  and 133.3 mm deep, 
the lower 115.2 mm, being tapered on the in s ide .  A recessed ,  s te e l  base 
p la te  i s  a t tached to  the base and houses a porous stone sealed to  the cy l in d e r  
by an "0" r ing .  A thermoelec tr ic  device (TED) r e s t s  on an aluminium cold 
p la te  a t  the top of  the mould, the p la te  being sealed aga ins t  the mould by 
a "U1.' cup. B r ie f ly ,  a thermoelectr ic  device is  the reverse of  a thermocouple 
so t h a t ,  when an e l e c t r i c  cur ren t  is  passed through i t ,  one s ide  i s  cooled 
w h i ls t  heat i s  given out a t  the opposite s ide .  Mounted above the cold p l a t e ,
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FIGURE 9.1 SCHEMATIC DRAWING OF APPARATUS
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FIGURE 9.2 MAIN DETAILS OF THE SHORT MOULD AND OF THE BASE PLATE
and taking the t h r u s t ,  i s  a load ce l l  which bears aga ins t  a reac t ion  frame.
In addi t ion to being tapered ,  the ins ide  of the mould i s  coated with PTFE 
dry lu b r ican t  to fu r th e r  reduce f r i c t i o n a l  fo rces .  The "U" cup i s  included 
to minimise heat t r a n s f e r  between the cold p la te  and the cy l inder .
The thermoelectr ic  element was used to ensure un id i rec t iona l  f reez ing ,  
the p a r t i c u la r  element having a ra ted  capacity of  64 Btu/hr .  I t  was operated 
under con t ro l led  condi t ions ,  with a constant  cu r ren t  supply and a regula ted 
flow of  water through the hot chamber, so t h a t  the r a t e  of  heat removal was 
s tandardised fo r  a l l  t e s t s .  The power supply fo r  the therm oe lec t r ic  element 
cons is ted  of  a low vol tage ,  d i r e c t  curren t  u n i t .  I t  was operated so as to 
supply 4.8 amps a t  6.0 vo l ts  and t h i s ,  together  with a flow of  cooling water  
equal to 1200 cc/min, produced a r a t e  of heat removal of  40 Btu/hr .  The ou t­
put from the load ce l l  was p lo t ted  on a t ra ce  recorder  thus giving a permanent 
record of  each t e s t .  The load ce l l  had a capacity of  4.5 kN, with an over­
load capacity  of  6.75 kN, and as a check on i t s  r e l i a b i l i t y ,  i t  was c a l i b r a t e d  
in a standard loading frame before and a f t e r  each t e s t .
I n i t i a l l y ,  d i s t i l l e d  water was used fo r  cooling the  the rm oe lec t r ic  element 
as i t  was f e l t  t h a t  the hard tap water might produce a depos i t  with in  the 
s t e e l ,  heat  sink on the element. The d i s t i l l e d  water was r e c i r c u l a t e d ,  a f t e r  
i t  passed through the device ,  by a pump connected between an outflow tank and 
the head tank. I t  soon became apparent t h a t ,  over the 1 to 5 day t e s t  pe r iod ,  
the d i s t i l l e d  water w a s  warming from a mains temperature of  13°C to about 25°C 
and thereby reducing the r a te  of  heat  removal. Following an assurance from the 
local  water board t h a t  fu rr ing  would not present  a problem, a t  the heat sink 
temperature of  15°C, i t  was decided to change over to tap water ,  which was run 
to waste a f t e r  passing through the element. Subsequently, throughout the work, 
the measured temperature of the tap water in the head tank was within  the l im i t s  
of  13 ±1°C.
9.3 Test  procedure
Both unbound and cement s t a b i l i s e d  specimens were made up a t  the optimum
(14)
moisture content previously determined by the BS compaction t e s t '  ' . The 
specimens were produced a t  the same density  as t h a t  of  the specimens used in 
the f r o s t  heave t e s t ,  so t h a t  the r e s u l t s  of  the two t e s t s  could be d i r e c t l y  
compared.
9.3.1 Tests on unbound materia l S u f f i c i e n t  water to produce the o p t i ­
mum value was added to the shale and the two were mixed toge ther  fo r  1|  minutes.  
The cy l ind r ica l  mould was bolted  to a s tee l  base p la te  and the mixed mater ia l  
compacted in to  the mould in three  l a y e r s ,  each layer  being given 25 blows with 
the s tandard compaction hammer. As the ins ide  of the tapered sec t ion  of  the 
mould had the same dimensions as a standard compaction mould, t h i s  procedure 
produced specimens with dry density  values within ±1 percent of  the  maximum 
value determined in the standard t e s t .
Af ter  compaction, the upper surface of  the specimen was c a r e fu l ly  smoothed 
with a 100 mm diameter s tee l  block, any excess mater ia l being trimmed o f f  so
t h a t  the height o f  the specimen was 115 mm, corresponding to the trimmed
height  of  a standard compaction specimen. The assembly was weighed so t h a t  
the bulk and dry d e n s i t i e s  could be ca lcu la ted .  The mould was then removed 
from the base p la te  and bolted  to the recessed p la te .  This p l a t e ,  having been 
f i t t e d  with a porous s tone ,  was then connected to a water supply. The upper 
cold p la te  was pos i t ioned ,  together  with the load c e l l ,  and the whole assembly
placed in the reac t ion  frame ins ide  the deep freeze  cab ine t ,  as shown in P la te
9.1. The reac t ion  frame was constructed from 20 mm x 200 mm s te e l  p l a t e .
The specimen was allowed to sa tu ra te  for  24 hours,  as in the  case of  
specimens in the f r o s t  heave t e s t .  During th i s  process the cab ine t  was 
switched on and the a i r  temperature gradual ly  reduced, within the  i n i t i a l  
16 hours,  to +4°C . At the s t a r t  of  the t e s t ,  the t race  reco rd e r ,  load ce l l  
and thermoelec tr ic  device were switched on and the whole assembly r i g i d l y
secured in the reac t ion  frame. The subsequent increase  in pressure  was then 
r e g i s t e r e d  on the t r a c e - r e c o r d e r , and the t e s t  continued un t i l  a maximum 
pressure  was reached, the period depending on the p a r t i c u l a r  shale  under 
t e s t .  The r e s u l t s  of  the t e s t s  are given in Table 9.1 .
9.3 .2  Tests on cement s t a b i l i s e d  shale The t e s t  procedure was s l i g h t l y
d i f f e r e n t  fo r  these m ater ia ls  due to the need fo r  a 7-day maturing period 
before t e s t i n g .  To avoid the standard mould being used fo r  a s ing le  specimen
throughout th i s  per iod ,  f r o s t  heave specimens (152.4 mm x 101.6 mm, diameter)
were used. These specimens were produced, as fo r  the f r o s t  heave t e s t ,  a t  
the BS standard level of  compaction.
After  curing in wax fo r  7 days, the wax was removed from the specimens 
before t e s t i n g ,  w h i l s t  specimens cured in polythene bags were removed from
the bags before t e s t i n g .  The specimen was s l i d  in to  a c y l in d r ic a l  s t e e l
mould.The d e t a i l s  of th i s  mould are shown in Figure. 9.3.  In p a r t i c u l a r ,  
the ins ide  diameters were 1.25 mm la rg e r  than those of  the f r o s t  heave 
"mould, thus allowing the tapered specimen to be s l i d  in to  p o s i t io n .
Some specimens had high spots along t h e i r  s id e s ,  usually  caused by s l i g h t  
expansion on extrusion from the f r o s t  heave mould, and these were f i l e d  down 
so as to s l i d e  in to  the t e s t  cy l inder .
The procedure was then the same as t h a t  followed fo r  the unbound shales  
and the r e s u l t s  of  the t e s t s  are given in Table 9 .2 .  .
9.4 Discussion o f  the t e s t  method
Although the method was s im i la r  to t h a t  developed by Hoekstra e t  al 
i t  was necessary to check the r e p e a t a b i l i ty  of  the t e s t  method. In the time 
av a i lab le  th i s  comparison was ca r r ied  out on only one supply of  s h a le ,  an 
unburnt mater ia l  from Peckfield.  In a l l ,  f ive  t e s t s  were c a r r i e d  out on 
nominally s im i la r ,  unbound specimens and the r e s u l t s  are given in Table 9 .1 .
I t  can be seen th a t  these  t e s t s  gave reasonably repea table  r e s u l t s ,  with a 
c o e f f i c i e n t  of  v a r ia t ion  of  5 per cen t ,  and i t  was the re fo re  decided t h a t  two
Table 9.1 Results  o f  Heaving Pressure Tests on Unbound Shale
Sample
Heaving Pressure (MN/m2)
Individual r e su l t s Mean value
Unburnt
Aberpergym 0.25,  0.23 0.21
Bedlay 0.32,  0.39 0.36
Bentley 0.27, 0.29 0.28
Betteshanger 0.15,  0.090, 0.12 0.12
Brodsworth ' 0.12,  0.14 0.13
Bull c ro f t 0.76,  0.81 0.79
C his le t  4 0.15,  0.19 0.17
Cortonwood 0.15,  0.21 0.18
Peckf ield 0.62,  0.66, 0.55 
0.58, 0.59
0.60
Rothwell 1 0.48,  0.52 ’ 0.50
Snowdown 1 0.069, 0.083- 0.076
Thorne 0.35,  0.42 0.39
Tilmans tone 1 0.56,  0.55 0.56
Burnt
Granvil le 0 . 2 6 , 0 . 2 2 0.24
Newdi gate 1 0.19,  0.15 0.17
Silverdale 0 . 3 1 , 0 . 3 3 0.32
Thornley 0.26 0.26
Tilmanstone 3 0.28,  0.23 0.26
Wheatley Hill 0.30 0.30
Part  Burnt
Tilmanstone 2 0.26,  0.24 0.25
Note: All these t e s t s  were ca r r ied  out in the sh o r t
mould and no allowance has been made fo r  the e f f e c t s  
of sidewall re s i s ta n ce .
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FIGURE 9.3 MAIN DETAILS OF THE LONG MOULD AND OF THE COLD PLATE
Table 9.2 Effec t  of  Cement Content on Heaving Pressure
Mean value of  Heaving Pressure (MN/m2)
Sample
Cement S ta b i l i s e d
Unbound 5% cement 10% cement
7 days 7 days 3 months
Unburnt
Betteshanger 0.12 0.21 0. 20 No t e s t
Ch is le t  4 0.17 0.19 No t e s t  • No t e s t
Peckfield 0.60 0.48 0.44 0.58
Snowdown 1 0.076 0.069 0.069 No t e s t
Tilmanstone 1 0.55 0.48 0.43 0.54
Burnt
Tilmanstone 3 0.26 0.36 0.40 No t e s t
Par t  Burnt 
Tilmanstone 2 0.25 0.34 0.41 No t e s t
Note: No allowance has been made fo r  the e f f e c t s  of sidewall
re s i s ta n c e .
t e s t s  on nominally s im i la r  specimens would provide a r e l i a b l e  measure of  th e '  
heaving pressure  on "any p a r t i c u l a r  sha le .
Hoekstra e t  a l ^ )  reported t h a t  sidewall r e s i s ta n c e  was minimised by 
tapering the mould and using a PTFE lu b r ica n t  on the ins ide  of  the cy l in d e r ,  
although they make no reference to the magnitude of  t h i s  r e s i s ta n c e .  The 
development of  the sidewall r e s i s ta n c e  is  by the adfreeze of  the specimen to  
the wall of the cy l inder  and the f r i c t i o n a l  r e s i s ta n ce  of p a r t i c l e  contac t  
a t  th i s  in t e r f a c e .
As two moulds were employed in t h i s  s tudy,  any d i f fe rences  in the s id e ­
wall r e s i s ta n ce  could a f f e c t  the r e l a t io n sh ip s  between the t e s t  r e s u l t s .  I t  
was there fo re  decided to measure th i s  r e s i s ta n ce  by determining the force 
necessary to move the specimen within the mould on completion of  the r e s t r a in e d  
heave t e s t .  This procedure is  not e n t i r e ly  s a t i s f a c t o r y  s ince  i t  does not 
necessa r i ly  measure the f u l l  r e s i s ta n c e  due to adfreeze because thawing 
commences as soon as the mould is  removed from the cabine t  and dismantled. 
Furthermore, some of  the water l ib e ra te d  by thawing ac ts  as a lu b r i c a n t  to 
reduce the f r i c t i o n a l  p a r t  of the r e s i s ta n c e .
The r e s i s ta n ce  was measured by applying an increasing  force  to the base 
of  the specimen w h i l s t  the upper rim o f  the mould was r e s t r a i n e d ,  a d ia l  . 
gauge being placed on the top of  the specimen to d e tec t  any movement. The. 
sidewall r e s i s ta n c e  was a r b i t r a r i l y  defined as the maximum force  to cause a 
to t a l  movement of  1 mm, and the values obtained are given in Table 9 .3 .  
Observations suggested th a t  although there  was adfreeze between the  specimen 
and the mould, the cold p la te  had been prevented from f reez ing  to  the mould 
by a coating of s i l i c o n e  grease appl ied to  the s ide of the p l a t e .
The r e s u l t s  in Table 9 .3 ,  although l imited  in number, i n d ic a te  t h a t  a 
g rea te r  sidewall r e s i s ta n ce  is mobilised in t e s t s  in the sho r t  mould, than 
in t e s t s  in the long mould. This can be a t t r i b u t e d  to the method of  specimen 
prepara t ion used in each case. The unbound specimens, t e s t e d  in the sh o r t  
mould, were compacted in to  the mould so t h a t  in t imate  con tac t  was c rea ted  a t  
the boundary between the wall of the mould and the specimen. In c o n t r a s t
Table 9.3  Measurements of the Sidewall Resistance
Sample
Cement
Content
m
Mould used 
fo r  t e s t
Force to overcome 
re s i s ta n ce  
(KN)
Equivalent
Pressure
(MN/m2)
Unburnt
Brodsworth 0 sho r t 0.40 0.049
Chis le t  4 0 sho r t 0.35 0.043
Chis le t  4 0 long 0.19 0.023
Peckfield 10 long 0.38 0.047
Snowdown 1 0 sh o r t 0.29 0.035
Snowdown 1 5 long 0.16 0.021
Tilmanstone 1 0 shor t 0.41 0.051 •
Tilmanstone 1 0 long 0.22 0.027
Burnt
S i lverdale 0 sho r t 0.60 0.073
Silverdale 0 long 0.23 0.028
Par t  Burnt
Tilmanstone 2 0 shor t 0.62 • 0.075
Tilmanstone 2 5 long 0.17 0.021
the s t a b i l i s e d  specimens, t e s t e d  in the longer mould, were s l i g h t l y  under­
s iz e  and were s l i d  in to  the mould, with the r e s u l t  t h a t  the contac t  between 
the wall and the specimen was lo ca l i se d  a t  high spots on the surface  of  the 
specimen. Although the r e s u l t s  in d ica te  t h a t  the sidewall r e s i s ta n c e  was 
lower fo r  the t e s t s  in the longer mould, th i s  should only be taken as in d ica ­
t i v e  of  a t rend because the measured r e s i s ta n c e  i s  prone to e r r o r ,  e sp e c ia l ly  
perhaps due to  the e f f e c t s  of  thawing. The t e s t s  give values fo r  the r e s i s t ­
ance in the range of 0.02 to 0.08 MN/m2/  However the to t a l  r e s i s t a n c e ,  inc lud­
ing the e f f e c t s  of ad f reeze ,  could exceed th i s  range.
In view of the apparent  d i f fe rence  in r e s i s ta n c e  between the two moulds, 
some unbound f r o s t  heave specimens were t e s t e d  in the longer mould. The 
r e s u l t s  of  these t e s t s  are shown in Table 9.4 and they in d ic a te  t h a t  a higher  
pressure is  obtained when the unbound material i s  t e s ted  in t h i s  mahner.
This is due, a t  l e a s t  p a r t l y ,  to the d i f fe rence  in sidewall r e s i s t a n c e ,  although 
di f fe rences  in the specimen height and method of compaction could also 
inf luence the t e s t  r e s u l t s .  I t  is  i n t e r e s t i n g  to note t h a t  the mould e f f e c t  
i s  more pronounced with the coarser  grained burnt shales  than with the f i n e r
grained unburnt s h a l e s / a n d  th i s  is in agreement with the f indings  reported
in the USA^106) With the f in e r  grained unburnt sh a le s ,  the e f f e c t  of 
sidewall re s i s ta n ce  was probably modified by the lu b r ic a t in g  ac t ion  of  the 
clay co l lo ids  and th i s  ac t ion would be less  marked with the burnt  sh a le s .
9.5 Discussion of the heaving pressures
The r e s u l t s  of the heaving pressure  t e s t s  on unbound shale  are presented 
in Table 9.1 and they show th a t  the pressures  cover values ranging from 0.08
to 0.80 MN/m2 . Hoekstra e t  al ^ p l o t t e d  the logarithm of heaving
pressure  agains t  time thereby producing an i l l u s i o n  of  ea r ly  equ i l ib r ium .
Typical p lo ts  fo r  unburnt shale are shown in Figures 9.4 and 9.5 with l i n e a r  
and logar ithmic sca les  respec t ive ly  and these ind ica te  t h a t  the heaving 
pressure  approaches a l im i t ing  value a t  an ever-decreasing r a t e .  To l i m i t
Table 9.4 Comparison between t e s t s  ca r r ied  out in the two
moulds on unbound specimens'
Sample
Heaving Pressure (MN/m2)
Short mould Long mould
Unburnt
Bed!ay 0.39 . 0.40
Betteshanger 0.12 0 . 20
Chis le t  4 0.17 0.21
Snowdown 1 0.076 0.085
Tilmanstone 1 0.56 0.63
Burnt
S i lverda le 0.32 0.43
Tilmanstone 3 0.26 0,36
Part  Burnt
Tilmanstone 2 ; 0.25 0.35
Note: Specimens te s t e d  in the long mould were
prepared in the standard  f r o s t  heave 
mould and then s l i d  in to  the long mould.
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Figure 9.5 Graph o f  Heavihg Pressure a g a in s t  D u ra t ion  o f  t e s t
the t e s t  per iod,  and to provide a means of quanti fy ing the d a ta ,  heaving
pressure  is defined as t h a t  pressure  a t  which the r a te  of  increase  i s  less
than 0.001 MN/m2/ h r .
The maximum heaving pressure  fo r  a given porous mater ia l i s  developed in
an open system with f ree  excess of w a t e r ^ ' ^ s u c h  t h a t  the unfrozen so i l
is  s a tu r a te d ,  because under these condi tions the suction force  in the
unfrozen so i l  is  zero.  In the work reported in th i s  th e s i s  the specimens
were t e s te d  in an open system with f ree  access of  water so t h a t  the so i l  was
in a s t a t e  of  c a p i l l a r y  s a tu ra t io n  a t  the commencement of the t e s t .  In th i s
regard ,  i t  may be noted t h a t  even i f  the s o i l  a t  the s t a r t  o f  cooling i s
unsa tura ted ,  the degree of s a tu ra t io n  increases  towards the cold end before
ice  forms. When ice  forms the so i l  immediately below the ice  wi l l  d e f i n i t e l y
( 2 1 )s a tu ra te  i f  water is  ava i lab le  .
At the completion of  the r e s t r a in ed  heave t e s t ,  moisture content  d e t e r ­
minations were ca r r ied  out on the unfrozen shale  from some of  the unbound 
specimens, and these ind ica ted  t h a t  the degree of s a tu ra t io n  exceeded 
95 per cent .  In such an open system, the amount of  energy expended in 
l i f t i n g  the water wil l  be small in comparison with the heaving pressure
(39)
generated . But th i s  could lead to  some under-estimat ion of  the  heaving 
pressure ,  p a r t i c u l a r l y  with the less  permeable f ine  grained s h a le s ,  because 
with these cons iderable  energy could could be expended in water  t r a n s p o r t .  
However, in making comparisons between the r e s u l t s  of  th i s  t e s t  and those  of  
the f r o s t  heave t e s t ,  th i s  e f f e c t  should not introduce any complicat ions s ince  
the i n i t i a l  s a tu r a t i o n ,  flow paths ,  so i l  compaction and so i l  c h a r a c t e r i s t i c s ,  
fo r  any p a r t i c u l a r  sh a le ,  are the same in both t e s t s .  I t  i s  i n t e r e s t i n g  to
note t h a t  o ther  workers have measured the heaving pressures  in open systems
(38)(43) (35)(42)
e i t h e r  with f ree  access to water or with f ree  excess of  water
Each mater ia l has a c h a r a c t e r i s t i c  heaving pressure  and i t  has been shown
(35)(36)(37)(107) f rom fundamental thermodynamic concepts t h a t  t h i s  maximum
heaving pressure  i s  inverse ly  proportional  to  the pore rad ius .  In the course
ot cne wotk reported in m i s  t n e s i s ,  measurements were not maae or tne pore ■ 
s i z e ,  or pore s ize  d i s t r i b u t i o n ,  but the p a r t i c l e  s ize  d i s t r i b u t i o n  was d e te r ­
mined fo r  a l l  the shales  and i t  has been suggested(^O ) (59) t h a t  t h i s  can be 
q u a l i t a t i v e l y  r e l a t e d  to pore s iz e  and pore s ize  d i s t r i b u t i o n .  In Chapter 3 
i t  was ind ica ted  t h a t  the maximum heaving pressure  is  p a r t i c u l a r l y  dependant 
on the sm al les t  pores and, in th i s  work, the f ra c t io n  of  so i l  f i n e r  than 
75 ym is  considered to be e s p e c ia l ly  in f lu e n t i a l  in determining the s iz e  of  
the smalles t  pores,  since  i t  i s  th i s  f in e  material  t h a t  forms the  matr ix around 
the coarser  p a r t i c l e s  in an engineering s o i l .
In Figure 9.6 the values of  maximum heaving pressure are  p lo t te d  aga ins t  
the percentage of  th i s  f ine  mater ia l and i t  can be seen t h a t  th e re  is  a 
reasonably wel l -def ined  r e la t io n s h ip  between heaving pressure  and the amount 
of  f ine  m a te r ia l .  This i s  p a r t i c u l a r l y  the case fo r  the unburnt s h a le s ,  with 
only one r e s u l t  apparently  not f i t t i n g  in to  the r e l a t io n s h ip .  Although the 
r e s u l t s  from the burnt shales  are more l im i ted ,  they in d ica te  t h a t  higher  
pressures are developed fo r  a given amount of  f in e  m a te r ia l .
On f i r s t  cons ide ra t ion ,  the reverse  might be expected s ince  in  Chapter 7 
i t  was noted th a t  the f ine  f ra c t io n  of  the burnt  shales  was coa rse r  than t h a t  
of the unburnt sha les .  Thus, l a rg e r  pore s izes  would be expected in the  burnt 
shale  with a corresponding reduct ion in heaving pressures .  A poss ib le  explana­
t ion  follows from a considera t ion  of  the r e l a t i v e  absorption values of  burnt  
and of  unburnt sha le .  Since absorption is  a m e a s u r e ^ ^ o f  the po ros i ty  of  
individual  p a r t i c l e s  i t  would be expected from Chapter 7 t h a t  burnt  shale  
p a r t i c l e s  would be more porous, in comparison with unburnt s h a le s .  I t  i s  
suggested t h a t  the pores within individual  shale p a r t i c l e s  behave in the same 
manner as the pores in  the so i l  matrix and so generate local heaving pressures  
which add to  the heaving pressure  generated in the matrix. This e f f e c t  w i l l  
be more pronounced with the burnt sha le s .
This reasoning could a lso  explain the high heaving pressure  developed 
by one of the unburnt sha les .  This m a te r ia l ,  from Tilmanstone, was shov/n 
in Chapter 7 to have the h ighes t  absorption of  a l l  the unburnt shales  t e s t e d .
X Unburnt shales
•  Burnt shales
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Figure 9.6 Graph o f  Heaving Pressure against  the proportion of  f in e  
mater ial" 'for the unbound shales
Indeed i t s  absorption i s  of the same order  of magnitude as t h a t  of  the 
burnt  sha les .
The r e s u l t s  fo r  the unburnt shales  in Figure 9.6 a lso  show t h a t ,  as the 
amount of  f ine  material  in the shale  inc reases ,  the heaving pressure  increases  
a t  an acce le ra t ing  r a t e .  This is  a manifes ta t ion of  the change in pore s ize  
with increase  in the proport ion of f ine  material  and the r e s u l t s  in Chapter 7 
a lso  show th a t  the f in e r  graded, unburnt shales  tended to have higher  absorp­
t ions  so t h a t  pressures  generated within the p a r t i c l e s  could fu r th e r  increase  
the overal l  heaving pressure .  No explanat ion can be offered  f o r  these higher 
absorptions and th i s  c h a r a c t e r i s t i c  may only be so fo r  the p a r t i c u l a r  shales  
s tud ied  in th i s  work. In order  to examine i f  heaving pressure  could be used 
to p red ic t  f r o s t  heave, and hence f r o s t  s u s c e p t i b i l i t y ,  the values of  f r o s t  
heave for  various burnt and unburnt shales are  p lo t te d  in Figure 9.7 ag a in s t  
the corresponding values of heaving pressure .  The data r e l a t e  to  13 samples 
o f  unburnt shale  but only s ix  samples of burnt  sha le .
• The r e s u l t s  suggest t h a t  there  are separa te  r e la t io n s h ip s  between heave 
and heaving pressure  fo r  the two types of  shale .  For the unburnt shales  the 
s t r a y  r e s u l t  i s  once again the mater ial from Tilmanstone, t h i s  being the only 
one to be c l a s s i f i e d  as highly f r o s t  su scep t ib le .  In add i t ion  th ree  are  
c l a s s i f i e d  as marginally f r o s t  su scep t ib le .  I f  the' heaving pressure  of  an 
unburnt shale is  between 0.20 and 0.50 MN/m2 , the re  is  a tendancy fo r  i t  to  
be f r o s t  s u sce p t ib le ,  th ree  out of f ive  being f r o s t  su scep t ib le  w h i l s t  ou ts ide  
th i s  range only one of the remaining e igh t  samples i s  f r o s t  su sc e p t ib le .  I t  
i s  i n t e re s t in g  to note t h a t  Hoekstra e t  a l ^ )  a lso  i d e n t i f i e d  a c r i t i c a l  
range of  heaving pressure  associa ted  with f r o s t  suscep t ib le  s o i l s ,  t h e i r  
range being from 0.07 to 0.55 MN/m2 . However, they assessed f r o s t  suscep t ­
i b i l i t y  in terms of American c r i t e r i a ( ^ ) ( ^ ) , thus a d i r e c t  comparison with 
t h e i r  r e s u l t s  i s  not poss ib le .
Unburnt shales with heaving pressures below 0.20 MN/m2 have only a small 
proportion of  f ine  mater ia l so th a t  they behave s im i la r ly  to n o n - f ro s t  
su scep t ib le  sands and g rav e l s ,  where the voids are  large enough fo r  the  water
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Figure 9.7 Graph of Heave against  Heaving Pressure fo r  various 
unbound shales  Z
in them to  behave e s s e n t i a l l y  l ik e  bulk water .  Shales with pressures  in 
excess of  0.50 MN/m2 , have a high proportion of  f ine  material  which leads 
t o . a  large  number of  small pores,  producing a low heave due to  the r e s t r i c t e d  
flow of  water to the f reezing f ro n t .
The l imi ted  number of  r e s u l t s  fo r  the burnt shales  ind ica tes  t h a t  a 
burnt shale  heaves approximately twice as much as an unburnt shale  with the 
same heaving pressure .  This can probably be a t t r i b u t e d  to the higher  
absorption and permeabil ity  of  burnt  shales  and i s  discussed in d e ta i l  in 
Chapter 10.
When comparing the r e s u l t s  on unbound shale  and on cement s t a b i l i s e d  
sh a le ,  i t  must be-noted th a t  the two types of  specimen were t e s t e d  in 
s l i g h t l y  d i f f e r e n t  ways, and th i s  has been commented upon e a r l i e r  in the 
chapter .  The r e s u l t s  in Table 9.2 ind ica te  t h a t  the heaving pressure  
generated by a cement s t a b i l i s e d  shale  is  s im i la r  to t h a t  generated by the 
same shale when unbound. However, th i s  f inding should be modified by the 
comments made in the subsequent paragraphs,  p a r t i c u la r l y  as they r e l a t e  to  
the e f f e c t s  of  the sidewall r e s i s ta n ce  mobilised in the two moulds used f o r  
t h i s  work.
The unbound specimens of  the coarser  grained shales  experienced a la rge  
sidewall r e s i s ta n ce  when t e s te d  in  the s h o r te r  mould. When s im i l a r  spec i -  
ments were t e s t e d  in the longer mould they developed higher  p re s su re s ,  
as shown in Table 9 .4 ,  due to the reduced sidewall r e s i s ta n c e .  This i s  
fu r th e r  i l l u s t r a t e d  by the r e s u l t s  of heaving pressure t e s t s  on cement 
s t a b i l i s e d  specimens of  the coarser  sh a le s ,  such as the Tilmanstone burnt  
shale  and the C h is le t  ‘70 and Betteshanger unburnt sha les .  The resu. lts  
given in Table 9.2 show th a t  these m a te r ia l s ,  when s t a b i l i s e d ,  a l l  developed 
higher pressures  than when unbound. Indeed, the pressure developed by 
s t a b i l i s e d  specimens of  Tilmanstone burnt  shale increased to  over 0.35 MN/m2 
compared with 0.26 MN/m2for  the unbound sh a le ,  but when an unbound specimen 
was te s te d  in the longer mould i t  developed a pressure  0.36 -MN/m2 . A f u r t h e r  
inspect ion of  the r e s u l t s  in Tables 9.2 and 9.4 reveals  a s im i l a r  t rend  fo r
the o ther  coarsely grained sha les .  Thus the s im i l a r i t y  between the heaving 
pressures  developed'by unbound and cement s t a b i l i s e d  specimens of  a given 
shale  i s  dependant on the sidewall r e s i s ta n ce  of  the t e s t  moulds.. I t  
must be noted t h a t  the s im i l a r i t y  i s  p a r t i c u la r l y  close when the two types 
of specimen are t e s t e d  in a l ik e  manner but th i s  s im i l a r i t y  i s  not so apparent 
with the f i n e r  grained sha les .
With these f i n e r  s h a le s ,  cement s t a b i l i s a t i o n  causes a reduction in the 
heaving pressure  compared with t h a t  developed by the same shale  when unbound. 
This is  i l l u s t r a t e d  in Table 9.2 by the r e s u l t s  fo r  the unburnt shales  from 
Peckfield  and Tilmanstone. The heaving pressure  i s  l i k e ly  to  be g r e a te r  
fo r  cement s t a b i l i s e d  shales  due to the reduction in sidewall r e s i s t a n c e ,  
as ind ica ted  in the preceding paragraph. Thus the reduct ion in heaving 
pressure  fo r  these f i n e r  s h a le s ,  when s t a b i l i s e d ,  is  probably g r e a t e r  than 
i t  appears from the re levan t  r e s u l t s  in Table 9.2 .
As s ta t e d  e a r l i e r ,  the maximum heaving pressure  generated by a s o i l  i s  
inverse ly  proport ional  to  the pore s iz e  and, p a r t i c u l a r l y ,  as shown by 
P e n n e r ^ ’^ ^ t  is  the s ize  and number o f  the smal les t  pores t h a t  are  most 
i n f l u e n t i a l  in the development of  p ressure .  In d iscussing the e f f e c t s  of  
cement s t a b i l i s a t i o n  on permeabi l i ty ,  in Chapter 7,  i t  was s t a t e d  t h a t  the
/ oc  \
addi t ion  of  cementto these f i n e r  grained shales caused aggregat ion 
of  clay c o l lo id s .  This produces fewer but l a rg e r  s ized pores in the m a te r ia l .  
This change in the pore s t r u c tu r e  could explain the lower pressure  following 
the s t a b i l i s a t i o n  of  these f i n e r  shales  s ince heaving pressure  i s  inverse ly  
proport ional to the pore s i z e ^ ^ ^ .
A fu r th e r  poin t to be n o ted . i s  t h a t ,  with the passage of  t ime,  the 
pores in the cement s t a b i l i s e d  mater ia l wil l  become smaller  as they are 
f i l l e d  with the products of hydration.  Some addi t ional  t e s t s  v/ere, t h e r e fo r e ,  
c a r r ie d  out on cement s t a b i l i s e d  samples a f t e r  a curing period of  th ree  
months and the r e s u l t s  in Table 9.2 ind ica te  t h a t  the heaving pressures  were 
g re a te r  than those obtained from specimens a f t e r  curing fo r  only seven days.
gress ive ly  f i l l e d  with the products of hydrat ion ,  r e su l t in g  in a reduction 
in pore s ize  and a subsequent increase  in heaving pressure .  The r e s u l t s  
in Table 9.2 a lso  show th a t  the f i n e r  shales s t a b i l i s e d  with 10 per cent  
cement developed lower pressures  than when they were s t a b i l i s e d  with only 
5 per cent cement. This is because an increase  in the cement content produced 
an increase  in the amount of aggregation,  leading to f u r th e r  changes 
in the pore s iz e s .
9.6 Frost  heave t e s t s  in the r e s t r a in ed  heave apparatus
As a separa te  study,, a number of  t e s t s  were ca r r ied  out on s e le c te d  
unbound specimens without  r e s t r a i n t ,  so as to form a modified f r o s t  heave 
t e s t .  These t e s t s  were performed on f r o s t  heave specimens placed in the 
longer mould. The heave value was determined using a brass rod and dial  
gauge in the same way as fo r  the s tandard f r o s t  heave t e s t ,  and the r e s u l t s  
are given in Table 9 .5 .  I t  was not possib le  to place thermocouples in these 
specimens as the connections would have prevented the specimen being s l i d
in to  the mould. However thermocouples were used in some specimens in the
(
s h o r te r  mould and the temperature g radient  through these specimens i s  
shown in Figure 9.8. A comparison between th i s  g rad ien t  and t h a t  f o r  the 
f r o s t  heave specimens, shown in Figure 5 .3 ,  reveals  t h a t  the two g rad ien ts  
are s im i l a r ,  and a s im i la r  r e la t io n sh ip  can be expected fo r  the temperature  
g rad ien t  through the 35 mm longer specimens in the longer mould.
However, the sidewall re s i s ta n ce  wi l l  a f f e c t  the modified heave t e s t s .
In the s tandard  f r o s t  heave t e s t ^  the specimens are loosely wrapped in 
waterproof paper and surrounded by coarse ,  dry sand, so t h a t  r e s i s t a n c e  due 
to p a r t i c l e  f r i c t i o n  a t  the boundary is  v i r t u a l l y  e l iminated.  In a d d i t io n ,  
as the ins ide  of  the paper is not in in t imate  contact  with the specimens, 
the amount of adfreeze r e s i s ta n ce  is a lso l i k e ly  to be low. In s ec t io n  
9 .4 ,  i t  was shown th a t  s i g n i f i c a n t  sidewall r e s i s ta n ce  is mobilised 
when specimens are frozen in the r e s t r a in ed  heave moulds and t h i s  r e s i s t a n c e  
is  not constant  but var ies  between the various sha les .  Thus i t  i s  un l ike ly
Table 9.5 Comparison o f  f r o s t  heave r e su l t s
Sample
Frost  Heave (mm)
Cold room 
and t r o l l e y
Pressure mould 
without r e s t r a i n t
Unburnt
Brodsworth 6.4 1.1
Chis le t  4 10.7 2.7
Burnt
Binley 2 18.9 7.6
Tilmanstone 3 41.6 12.9
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Equilibriurn D is t r ibu t ion  was achieved within the 
i n i t i a l  6 hours of the t e s t ,  but obviously th i s  
was influenced by the mater ial under t e s t .
Figure 9.8 Temperature D is t r ibu t ion  through a 
specimen in the shor t  mould
t h a t  the re  is  a unique r e l a t io n s h ip  between the two t e s t  methods, although 
i t  is i n t e r e s t i n g  to note t h a t  the t rend in the l imited  r e s u l t s  given in 
Table 9.5 is  the same in both t e s t s .
This l im i ted  s tudy,  and the work on heaving p r e s s u re s , has ind ica ted  
t h a t  the rmoe lec t r ic  devices are extremely e f f i c i e n t  and r e l i a b l e  fo r  
f reezing s o i l .  I t  may be t h a t  in fu tu re  work e f f o r t  should be d i re c ted  
towards examining the p o s s i b i l i t y  of employing these  devices fo r  the 
s tandard  f r o s t  heave t e s t ^ ^ .  This approach may be p a r t i c u l a r l y  s u i t a b l e  
fo r  organ isa t ions  t h a t  only wish to  carry  out a l im i ted  number of  t e s t s  
each year .
A cooling chamber running, a t  +4°C can probably be achieved by using a 
normal domestic r e f r i g e r a t o r  and a suggested arrangement is  shown in 
Figure 9.9.  As in the s tandard  t e s t ,  the specimen is  wrapped in 
waterproof paper and stood on a porous d isc  in a copper, specimen ho lder .  
As the specimen is  placed in an environment maintained a t  +4°C, the  s ides
of  the specimen need to be well insu la ted  so as to minimise l a t e r a l  heat
lo ss .  To th i s  end i t  is  suggested t h a t  the coarse ,  dry sand should be 
replaced by a hollow, cy l ind r ica l  s leeve of  polystyrene.  The specimen 
should be cooled with a s tanda rd ised ,  thermoelec t r ic  device loca ted  on a 
cold p l a t e ,  a t  the upper end of  the specimen. .
With such an arrangement the sidewall r e s i s ta n c e  would be s im i l a r  to
th a t  in the standard  f r o s t  heave t e s t ,  w h i l s t  the t o t a l  weight of  the 
aluminium cold p la te  and the thermoelec t r ic  device would not need to  
exceed 500 gms. I n i t i a l l y  t e s t s  in such an arrangement would need to  be 
c o r re la ted  with those in the s tandard equipment so as to e s t a b l i s h  a 
co r rec t ion  f a c to r .  Three s im i la r  r igs  would be s u f f i c i e n t  f o r  most 
t e s t i n g  requirements and they would probably be constructed fo r  an 
outlay of less  than £400.
Heave
Support fo r  the rod
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Temperature +4°C
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Thermoelectric device
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(152.4 mm x 101.6 mm)
Water Bath
Overflow bowl
Figure 9 .9 - Suggested arrangement fo r  heave t e s t  using a the rm oe lec t r ic  
device
CHAPTER 10
FREEZING BEHAVIOUR OF UNBOUND AND CEMENT STABILISED COLLIERY SHALES
10.1 Introduction
In studying the f r o s t  s u s c e p t i b i l i t y  of c o l l i e r y  sh a le ,  observat ions  
have been made regarding the bas ic  mechanism of f r o s t  ac t io n ,  e sp e c ia l ly  
in r e l a t io n  to the d i f fe rences  in behaviour of  burnt and unburnt shales  
and of  unbound and cement s t a b i l i s e d  sha le s .  The e f fe c t s  of  a number of  
fac to rs  on the f r o s t  heave of the shales  have been examined but i t  has 
not been po ss ib le ,  within  the confines of a s ing le  i n v e s t ig a t io n ,  to 
undertake a completely exhaustive study.
10.2 Frost  s u s c e p t i b i l i t y  o f  unbound c o l l i e r y  shale
The f r o s t  s u s c e p t i b i l i t y  has been determined fo r  30 samples of 
c o l l i e ry  sh a le ,  drawn from 19 c o l l i e r i e s .  In some in s ta n ce s ,  more than 
one sample has been obtained from an individual  c o l l i e r y ,  but  s ince  each 
sample was taken e i t h e r  from a d i f f e r e n t  p a r t  of  the t i p  or  from the washery 
they have each been regarded as separa te  and d i s t i n c t  samples.
The r e su l t s  of  the f r o s t  heave t e s t s  are summarised in Table 10.1 
and show heave values ranging from 4 mm to over 50 mm. Of the 12 burnt 
shales t e s t e d  a l l  but one are f r o s t  su sc e p t ib le ,  with 6 being highly 
f r o s t  su scep t ib le .  However, only four of the 17 unburnt sha les  are 
f r o s t  su scep t ib le  and, of  th e se ,  three are only marginally f r o s t  s u scep t ib le
Of the fac to rs  s tud ied  during th i s  in v es t ig a t io n  grading i s  an
important parameter in explaining the d i f fe rence  in f r o s t  s u s c e p t i b i l i t y
of  burnt and of  unburnt sha les .  This is  p a r t i c u la r l y  so for  the proport ion
of  material f in e r  than 75 pm in the shale as th i s  f ine  mater ia l  governs
(351the d i s t r i b u t io n  of  the c r i t i c a l '  ' pores in the so i l  matrix .  Another 
important f a c to r  i s  the absorp t ion ,  and thus the pe rm eab i l i ty ,  o f  the 
individual p a r t i c le s  and e sp ec ia l ly  of the coarser  ones t h a t  predominate 
in burnt  shales .  This suggests t h a t  whereas with the unburnt shales  the
Table 10.1 Summary of Frost  Heave t e s t s  on Unbound Coll ie ry  Shale
Sample •Average Heave (mm) Sample
Average Heave 
(mm)
Unburnt . Burnt
Aberpergym 12.9 Binley 1 19.1
Bed!ay 7.9 Binley 2 14.5
Bentley 10.2 Binley 3 15.5
Betteshanger 5.0 Binley 4 6 . 0
Brodsworth 6.4 Granvil le 19.2
Bull c r o f t 7.3 Newdigate 1 16.0
Chis le t  1 9.5 Newdigate 2 16.2
C h is le t  2 8 . 0 • Rothwel1 2 16.4
Chis le t  3 ' 9.2 Si 1verdale 46.5
C h is le t  4 10.7 Thorn!ey 30.9
Ccrtonwood 7.5 Tilmanstone 3 42.5
Peckfield 6.4 Wheatley Hill 27.5
Rothwel1 1 
Snowdown 1
12,7
4.1
Par t  Burnt
Snowdown 2 5.0 Tilmanstone 2 9.9
Thorne 15.9
Til manstone 1 50.8
mositure flow is  mainly through the so i l  matr ix ,  the high absorption of  the 
burnt  shales  also  allows flow through the porous shale  p a r t i c l e s .  Although 
these considera t ions  give some understanding of  moisture movement in 
sh a le s ,  the actual mechanism in each sample is  dependent on the i n t e r ­
r e l a t io n s h ip  of  many f a c t o r s ,  of which absorption and amount of  f ine  mater ia l 
are c l e a r ly  important.  These observations are based on s a tu ra te d  flow 
permeabili ty  t e s t s  but are also l ik e ly  to apply to unsatura ted flow.
With unsaturated flow, the suction force developed in the unfrozen 
pore water ,  as ice Tensing proceeds, influences  moisture flow to
the f reezing f ro n t ,  as i l l u s t r a t e d  in Figure 10.1 In s o i l s  such as
unburnt c o l l i e ry  s h a l e s , which contain appreciable  amounts of f in e  m a te r ia l ,  
the  voids r a t i o  is reduced by the suction forces  and th i s  in turn  reduces 
the flow, s ince the pores in the so i l  matr ix ,  and those with in  the 
r e l a t i v e ly  weak p a r t i c l e s ,  are closed as the f reezing process con t inues ,  
leading to a reduct ion in permeabil ity .  In burnt  shales the p a r t i c l e s  
are hard and coarse and have s u f f i c i e n t  s t reng th  to r e s i s t  the closing 
e f f e c t  of  the suction forces on the in te rna l  pores.  I t  follows t h a t  
permeabil ity  i s  less  a f fec ted  and a s ig n i f i c a n t  proport ion of the flow is  
through the r ig id  pores within individual  p a r t i c l e s .
A reduction in permeabil ity  causes an increasing  proport ion of  the
av a i lab le  f ree  energy to be expended in r a i s ing  water  to the growing lens
so th a t  less  energy i s  ava i lab le  fo r  l i f t i n g  the ice  and the frozen s o i l .
The mass flow of water is  s i g n i f i c a n t l y  a f fec ted  in the unburnt shales
and leads to a reduction in the r a te  and hence, in the amount, o f  ice
( 2 1 )Tensing s ince  th i s  is  dependent 1 on the mass t r a n sp o r t  of water  to  the 
f reezing f ro n t .
(20)(33)The energy for  heaving i s  l ib e ra te d  by supercooled f reez ing  v ' ,
the degree of supercooling being inverse ly  proport ional  to pore s i z e .
Coarser m a te r ia l s ,  such as the burnt sh a le s ,  have an appreciable  number of  
large  voids in the s o i l  matrix and the water in these voids behaves as bulk
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water  which freezes  with l i t t l e  or no supercooling. The voids within 
the individual  p a r t i c l e s ,  however, may be s u f f i c i e n t l y  small fo r  the 
water  within them to undergo supercooled f re e z in g ,  thereby providing the 
energy fo r  su bs tan t ia l  heaving. This e f f e c t  wil l  be less  pronounced 
with the unburnt shales because of  t h e i r  lower absorption and, as discussed 
in Chapter 7, the ro le  of t h e i r  aggregate pores i s  f u r th e r  reduced because 
the s t r u c tu r e  of the p a r t i c l e s  is  d is turbed  during specimen prepara t ion .
I f  the energy l ib e ra te d  is  s u f f i c i e n t  to f r a c tu r e  the individual p a r t i c l e s  
in burnt  sh a le ,  f u r th e r  ice  lensing can proceed leading to increased 
heave. This i s  qu i te  poss ib le  s ince  the burnt  shales  develop heaving 
pressures in the order  of  0.20 to 0.35 MN/m2 and higher  pressures  probably 
e x i s t  l o c a l ly  within the specimens.
Frost  heave is  shown p lo t ted  aga ins t  absorption in Figure 10.2 
fo r  both unburnt and burnt  sha le s .  With the unburnt s h a le s ,  heave tends 
to increase with increase  in absorp t ion ,  the increas ing  being very marked 
with one sample . . The increase  in heave with increase  in absorpt ion is  
more marked with the burnt  sh a le s ,  high values of  heave being obtained 
with shales  having high absorp t ions .  Taken toge ther  the r e s u l t s  suggest 
t h a t  su b s ta n t ia l  heave only occurs when the absorption i s  in  excess o f  
6 per cent .  This ,  i f  supported by fu r th e r  work, o f fe rs  a poss ib le  quick 
index t e s t  fo r  broadly pred ic t ing  the f r o s t  s u s c e p t i b i l i t y  of  sh a le s .
I t  does not follow, however, t h a t  the absorption of  a sha le  w i l l  
n ecessa r i ly  be the only parameter t h a t  in f luences  f r o s t  s u s c e p t i b i l i t y ,
For example, the amount of  f ine  material  within a shale  governs the nature  
and s t ru c tu re  o f  the s o i l  matrix and th i s  is  l i k e ly  to b e ' e s p e c i a l l y  so 
fo r  the unburnt shales  s ince  these contain f ine  p a r t i c l e s  having the 
c l a s s ic a l  p roper t ies  of clay c o l lo id s .  As such, they tend to i n h i b i t  
flow and the permeabil ity  t e s t s  have shown t h a t  the unburnt sha les  with 
the f i n e s t  gradings have the lowest values of  permeabi l i ty .  Several 
unburnt shales  with absorption values in excess of  7.5  per cent are  shown,
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Figure 10,2 R e la t io n s h ip  between Heave and A b so rp t ion  f o r  the
Burn t and Unburnt Shales
in Figure 10.2,  to heave much less  than the burnt  shales with s im i la r  
absorption values. This i s  believed to be due to the higher  proport ion 
of f in e  mater ia ls  in the unburnt s h a le s ,  which also  r e s u l t s  in a lower 
proportion of porous, coarse p a r t i c l e s .  Thus the ro le  of coarse p a r t i c l e s  
is  reduced w h i l s t  the behaviour of the clay co l lo ids  becomes more important 
and, furthermore, the coarse p a r t i c l e s  are l i k e ly  to be crushed during 
specimen compaction.
To examine the e f f e c t s  o f  absorption and of  the proport ion of  f ine  
m a te r ia l ,  the r e s u l t s  in Figure 10.2 have been r ep lo t ted  in Figures 10.3 
to 10.5 in terms of  the percentage of  materia l  f i n e r  than 75 pm in the raw 
shale .  Three c l a s s i f i c a t i o n s  have been used and r e l a t e  to sha les  with 
less  than 10 per cen t ,  with 10 to 20 per cent  and with more than 20 per  
cent  of th i s  f ine  m a te r i a l . These d iv is ions  were a r b i t r a r i l y  chosen s in c e ,  
c l e a r ly ,  there  is  unl ikely  to be a well defined point  a t  which the pro­
p e r t ie s  abruptly  change, but the values broadly agree with the s o i l
( 78)c l a s s i f i c a t i o n s  suggested by Dumbleton. 1
I t  should be noted th a t  the r e s u l t s  fo r  the Tilmanstone sha le  
descr ibed as p a r t  burnt were not included in th is  p a r t i c u l a r  s tudy.  An 
analys is  ca r r ied  out by the National Coal Board 9 ind ica ted  t h a t  the 
material  had been subjec ted  to some abnormal treatment on the t i p ,  and 
so i t  was considered to be unrepresen ta t ive  of  c o l l i e r y  sh a le .  In add i t ion  
as th i s  was the only sample described as p a r t  burnt to be examined, i t  
has not been poss ib le  to make any general conclusions about the behaviour 
o f  such m ate r ia ls .  I t  is the re fo re  recommended t h a t  in fu tu re  work care 
should be exercised when considering such m ate r ia ls .
Figure 10.3 shows th a t  the r e l a t io n s h ip  between heave and absorption
is  approximately l i n e a r  fo r  shales with l e ss  than 10 per cent o f  f ine
m ater ia l .  This is co n s is ten t  with the view t h a t  the d c o r c a s e  scA \ 
sucMow. in coarsely-gra ined  s o i l s  g rea t ly  reduces the permeabi l i ty  through 
the matrix ,  but flow through the individual  p a r t i c l e s ,  p a r t i c u l a r l y  with 
the burnt sh a le s ,  is  not reduced to the same ex ten t .  The i n t r a - p a r t i c l e
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Figure 10.3 R e la t i o ns_hip between Heave and Absorp t ion  f o r  Shales
con ta in lng~ less  than 10 per cent  o f  m a te r ia l  f i n e r
than 75 um.
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Figure  10.4 R e la t io n s h ip  between Heave and Absorp t ion  f o r  Shales
c on ta in in g  between 10 and 20 per cent o f  m a te r iaT
f i n e r  than" 75 ym.
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Figore 10.5 R e la t i  Onship between' Heave' and 'AbsOrpt ioh f o r  Shales
con ta in in g  more' than TO per cent o f  m a t e r i a l  f i n e r
than 75 'pm,
flow the re fo re  allows the t r a n sp o r t  of water to the f reez ing  f ro n t  in the 
case of  shales  with high absorptions and leads to pronounced heaving. With 
open tex tured  s o i l s ,  the r e l a t i v e ly  large  pore s ize  would normally lead 
to only l imited  c a p i l l a r i t y  but the pores within the p a r t i c l e s  cause th i s  
to be more pronounced. In consequence, the uptake of  water during the 
24 hour soaking period wi l l  be increased so t h a t  there  wi l l  be a large  
number of  continuous water fi lms between the water  supply and the  f reez ing  
f r o n t ,  encouraging flow to the ice  lenses .  This is co n s is ten t  with the 
observat ion t h a t ,  in the burnt  shales  with high absorption va lues ,  the 
water uptake was appreciable .
Having d e a l t  with shales  containing less  than 10 per cent f in e  
m a te r ia l ,  i t  is convenient to consider  next the shales  conta ining s u b s tan t ia l  
amounts of  f ine  m a te r ia l .  The flow through the matrix tends to  dominate 
in th i s  type of  material and th i s  is  evident from Figure 10.5 t h a t  heave 
is not a function of  absorption.  These p a r t i c u l a r  shales  have an excess 
of  f ine  m a te r ia l ,  a t  l e a s t  20 per cent being f in e r  than 75 ym, and the  flow 
paths wi l l  there fo re  be of small s iz e  so t h a t  the permeabil ity  w i l l  be 
low and much of  the f ree  energy wil l  be used for  water  t r a n s p o r t .
For s h a le s ,  with between 10 and 20 per cent  of  f ine  m a te r i a l .  Figure:
10.4 shows th a t  heave increases  rap id ly  as the absorption exceeds approx­
imately 6 per cent.  The moisture flow in the shales  with low abso rp t ion ,  
is  l a rge ly  through the matrix and the permeabil ity  wil l  be reduced by 
the suct ion  forces .  In shales with high absorp t ion ,  an apprec iable  p a r t  
of  the moisture flow w i l l  be through individual  p a r t i c l e s  so t h a t ,  p a r t i c u l a r l y  
in the burnt  s h a le s ,  the permeabil ity  is  r e l a t i v e ly  unaffected by the 
suction  forces .  Thus the mass t ra n sp o r t  of water i s  r e l a t i v e l y  unimpeded
re su l t in g  in an increased r a t e ,  and amount, o f  heave.
/
From the fo rego ing  d iscuss ion  i t  i s  now pos s ib le  to  suggest  gu ide ­
l i n e s  f o r  p r e d i c t i n g  the f r o s t  s u s c e p t i b i l i t y  o f  bu rn t  and unburnt  c o l l i e r y
s h a le ,  and they a r e : -
(1) Shales with more than 20 per cent of mater ia l f i n e r
than 75 ym are un l ike ly  to  show su b s tan t ia l  heave, although fu r th e r  
t e s t i n g  may be necessary fo r  shales  with absorption values g r ea te r  
than perhaps 10 per cent.
(2) Shales with less  than 20 per cent f i n e r  than 75 ym 
are l ik e ly  to be f r o s t  su scep t ib le  i f  the absorption i s  g r e a te r  
than 6 per cent .
These guidel ines  wil l  be influenced fo r  individual  shales  by o ther  
p roper t ies  such as the c a p i l l a r i t y  and nature of  the clay c o l l o i d s ,  but 
the re la t io n sh ip s  shown in Figures 10.3 to  10.5 provide a bas is  fo r  
p red ic t ing  the p r o b a b le . f ro s t  s u s c e p t i b i l i t y  of  c o l l i e ry  sha le .  The 
approach may also be s u i t a b l e  fo r  m ater ia ls  such as s l a g s ,  l imestones 
and chalk,  s ince  the indiv idual  p a r t i c l e s  of these m ater ia ls  are  a lso  
porous. In der iving these g u id e l in e s ,  c o l l i e r y  shale  has been considered 
as a two-phase mater ia l containing porous p a r t i c l e s  embedded in a matr ix  of 
f ine  m a te r ia l ,  the matr ix cons is t ing  of  the material  f in e r  than 75 ym. 
Differences between the f reez ing  behaviour of  burnt and o f  unburnt sha les  
have been a t t r i b u t e d  to d i f fe rences  in the nature and the volume f r a c t io n s  
of  the two phases.
The t e s t  r e s u l t s  do not conform with the heave c r i t e r i a  suggested
(50)(52) (54)e i t h e r  by Casagrande ' yv ' o r  by Croney v ' .  These, however, r e l a t e
to engineering s o i l s  and i t  is  considered t h a t  the s h a le s ,  and e s p e c i a l l y
the burnt sh a le s ,  behave d i f f e r e n t l y  due to t h e i r  r e l a t i v e l y  high absorp-
(9)
t io n .  Croney and Jacobs '  in t h e i r  t e s t s  on a wide v a r ie ty  of  m a t e r i a l s ,  
including burnt c o l l i e r y  sh a le ,  did not f ind any c o r re la t io n  between heave 
and e i t h e r  the p a r t i c l e  s iz e  d i s t r i b u t io n  or the s a tu ra t io n  moisture con ten t  
of  the burnt  sha les .  Their data r e l a t e  to specimens produced a t  "moulding"
moisture contents but no information is  given regarding the r e s u l t s  of
standard compaction t e s t s .  Some of  t h e i r  moulding moisture content
values f o r  burnt shale were lower than the corresponding s a tu r a t i o n  moisture
content  values and indeed the majori ty  are much lower than those ob ta ined ' »v> *Ws-
(71)
in v e s t ig a t io n ,  and by o ther  workers , fo r  burnt  c o l l i e r y  sha le .
The o ther  var iab les  considered in th i s  in v es t ig a t io n  are specimen 
dens i ty  and mix moisture con ten t ,  and i t  i s  shown ( in Chapter 5) t h a t  
heave increases  with decreases in density  and with increase  in moisture 
content .  This f inding appl ies  to both the burnt and the  unburnt shales  
te s t e d .
10.3 Frost  sU scep t ib j1i t y  of cement s t a b j 1jsed col 1i e ry  sha le  The 
only depar ture  from the s tandard  procedure for  the f r o s t  heave t e s t  was t h a t  
the specimens were cured for  7 days before commencing the t e s t .  The f r o s t  
s u s c e p t i b i l i t y  has been evaluated using the s tandard c r i t e r i a ^ )  and the 
r e s u l t s  are given in Table 10.2 toge ther  with those fo r  the  corresponding 
unbound sha les .
In th i s  study 11 unburnt and 4 burnt shales  were examined. The r e s u l t s  
a re  of  i n t e r e s t  in r e l a t io n  to the suggest ion t h a t  the add i t ion  o f
5 per cent  cement, p a r t i c u l a r l y  to burnt sh a le ,  wil l  reduce the heave 
to acceptable  l i m i t s .  ^  The r e s u l t s  given, however, suggest  t h a t  
care is  necessary in th i s  approach s ince  3 of the 11 unburnt sha le s  showed 
increased heave when s t a b i l i s e d  with 5 per cent  cement and 2 of  the  4 
burnt shales  required more than 5 per cent  to reduce the heave to  accep t ­
able l im i t s .  ^  In a l l  cases ,  the heave was reduced when a cement
content  of  10 per cent was used. Typical r e la t io n s h ip  fo r  m a te r ia ls  t h a t
respond s a t i s f a c t o r i l y  to cement t reatment  and a lso  for  m a te r ia ls  t h a t  do
not respond are given in Figure 10.6.
The r e s u l t s  in d ica te  t h a t  the e f f e c t  on heave, of  cement s t a b i l i s a t i o n ,  
i s  influenced by the amount of  mater ia l f in e r  than 75 )jm in the  raw s h a le ,  
th i s  being c l e a r ly  i l l u s t r a t e d  by the heave r e s u l t s  for  sha les  s t a b i l i s e d
Table 10.2 Effec t  of Cement Content on Frost Heave
Sample
Cement
Content
(%)
Average
Heave
(mm)
Unburnt
Bed!ay 0 7.9
5 2.5
10 0.9
Betteshanger 0 5.0
5 1.0
10 ' - 1. 0
12 - 1.1
Bull c r o f t 0 7.3
5 21. 8
10 8.1
C his le t  1 0 9.5
5 3.0
10 2 . 0
15 - 1. 0
Chis le t  4 0 10.7
5 1. 0
10 0 . 0
15 - 1 . 0
Peckfield 0 6.4
2| 14.1
5 11.5
71 9.6
10 7.2
15 4.4
20 3.6
Rothwel1 1 0 12.7
5 12.4
10 .4.3
Sample
Cement
Content
(%)
Average
Heave
(mm)
Snowdown 1 0 4.1
5 0 . 0
10 -0 .7
Tilmanstone 1 0 50.8
5 16.5
10 6 . 2
f
Burnt
Newdigate 1 0 16.0
5 5.5
10 2.4
Thorn! ey 0 30.9
5 8 . 0
10 - 1.0
Tilmanstone 3 0 42.5
5 16.4
10 2.5
Wheatley Hill 0 27.5
5 14.1
10 5.1
Par t  Burnt
Til manstone 2 0 9.9
5 4.0
10 1.5
15 - 1 . 0
20 - 1 . 0
Note All cement s t a b i l i s e d  specimens were cured fo r  7 days before  t e s t .
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Figure 10.6 R e la t io nsh ip  between Heave and Cement Content  f o r
x two shales d i s p la y in g  no tab ly  d i f f e r e n t  responses
to  Cement Stab11i s a t i o n
with 5 per cent  cement given in Table 10.3 and shown in Figure 10.7. This 
r e l a t io n s h ip  may form a basis  fo r  p r e d i c t in g ' t h e  e f f e c t s  of cement s t a b i l i s a ­
t ion  on f r o s t  heave but i t  is  c e r t a in ly  c l e a r  t h a t  with the f i n e r  s h a le s ,  the 
addi t ion  of cement is un l ike ly  to reduce the heave and, indeed, may lead to 
an increase  in heave.
The reduced heave of cement s t a b i l i s e d  mater ia ls  has been a t t r i b u t e d  
(9) (63)^ a t  -je a s t  pa r t l y ,  to a reduction in permeabil ity  following 
s t a b i l i s a t i o n  b u t ,  fo r  the shales  t e s t e d  a t  7 days, t h i s  was not found to 
be the case due, presumably, to aggregation of the clay c o l lo id s .  The 
reduced heave i s  probably due ins tead  to the cementing ac t ion  which produces 
a material  with a s ig n i f i c a n t  t e n s i l e  s t reng th  which must be overcome by 
the  heaving pressure  in order  t h a t  unres tra ined  ice  growth can occur.
The t e n s i l e  s t reng th  of the s t a b i l i s e d  shales  was measured a t  an age of  
7 days bu t ,  s ince  f r a c tu r e  can occur any time during the f reez ing  t e s t ,  
the values reported are only in d ic a t iv e  of  the material  under t e s t .  The 
addi t iona l  hydration during the t e s t  period is  probably very l im i ted  in 
view of  the low t e m p e r a t u r e ^ ^ , but the e f f e c t s  of s a tu r a t io n  on 
s t r e n g th ,  p a r t i c u la r ly  during the 24 hour soaking per iod ,  may be 
s ig n i f i c a n t .
I t  was not possib le  to measure the change in d i r e c t  t e n s i l e  s t ren g th  
due to th i s  soaking because o f  the capping technique used and i t  was 
the re fo re  evaluated i n d i r e c t ly  in terms of the change in the cy l in d e r  
s p l i t t i n g  s t ren g th .  This gave a correc t ion  f a c to r  in terms of  the r a t i o  
between the 7 day s t reng th  and the s t reng th  a f t e r  the 24 hour s a tu r a t i o n  
in the t r o l l e y .  The adjusted values ,  given in Table 10.4 are only 
estimates  but they provide a basis  fo r  f u r th e r  d iscussion of the  f reez ing  
of s t a b i l i s e d  sha les .
The i n t e r - r e l a t i o n s h i p  between heave, d i r e c t  t e n s i l e  s t re n g th  and
heaving pressure are shown in  Figures 10.8 to  10.10 f o r  s i x  samples o f
sha le .  These r e s u l t s  show t h a t  the heave i s  e i t h e r  zero o r  i s  nega t ive
Table 10.3 E ffec t  of  the Fine Material in the Unbound Shale on the 
Heave of the Cement S ta b i l i s e d  Shale
Sample
Average Heave (mm)
Heave Ratio 
B/A
Amount of  shale  
f i n e r  than 
75 ym (%)Unbound(A)
5% cement 
(B)
Unburnt
Bed!ay 7.9 2.5 0.33 21
Betteshanger 5.0 1. 0 0 . 20 6
Bull c r o f t 7.3 21 . 8 2.99 .43
Chis le t  1 9.5 3.0 0.32 5
Chis le t  4 10.7 1. 0 0.09 10
Peckfield 6.4 11.5 1.80 38
Rothwel1 1 12.7 12.4 0.98 31
Snowdown 1 4.1 0 . 0 0 . 00 3
Til manstone 1 50.8 16.5 0.33 19
Burnt
Newdigate 1 16.0 5.5 0.34 6
Thornley 30.9 8 . 0 0.26 9 ,
Tilmans tone 3 42.5 16.4 0.39 11
Wheatley Hill 27.5 14.1 0.51 13
Par t  Burnt
Til manstone 2 9.9 4.0 0.41 12
O Burnt  Shale
•  Unburnt Shale
3.2 Heave with 5% cement 
Heave w i thou t’cementThe Heave Ratio is
2.4
Heave Ratio
0.8
0.4
Percentage f in e r  than 75 ym
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Figure 10.7 R e la t io nsh ip  between the Heave Rat io  and the aniount
o f  f i n e  m a te r ia l  in  the unbound shale
Cement
Content
m
Measured values (MN/m2) Indi r e c t Estimated
Sample. In d irec t
7-day
A
Indi r ec t  
8- day 
B
Di r e c t  
7-day 
C
Strength 
Ratio 
(D « /A)
Direct  (MN/m2) 
8-day 
(CxD)
Unburnt 
Bed!ay 5 0.30 0.30 0.13 1.00 0.13
10 0.53 0.57 0.22 1.07 0.24
Betteshanger 5 0.22 0 . 22 0.16 1.00 0.16
10 0.44 0.45 0.30 1.02 0.31
15 0.62 0.66 0.39 1.06 0.39
Bull c r o f t 5 0.15 0.06 0.09 0.40 0.04
10 0.27 0.17 0.14 0.63 0.09
C h is le t  4 5 0.33 0.30 0.17 • 0.91 0.15
10 0.58 0.56 0.27 0.97 0.26
15 0.83 0.86 0.33 1.04 0.34
Peckf ield " 2 i 0.13 0 . 00  • 0.08 0.00 . 0 . 00
5 0.18 0.01 0.11 0.06 0.01
7J 0.23 0.05 0.15 0.22 0.03
10 0.27 0.08 0.17 0.30 0.05
15 0.35 0.13 0.19 0.37 0.07
20 0.44 0.22 0 . 20 0.50 0. 10
Rothwell 1 5 0.22 0.02 0.13 0.09 0.01
10 0.40 0.12 0.16 0.30 0.05
Snowdown 1 5 0.19 0.15 0.13 0.79 0 . 10
10 0.38 0.36 0 . 20 0.95 0.19
Tilmanstone 1 5 0.21 0.17 0.13 0.81 0 . 10
10 0.38 0.36 0.21 0.95 0 . 20
Burnt
Thornley 5 0.26 0.28 0.17 1.08 0.18
10 0.51 0.55 0.33 1.08 0.37
Til manstone 3 5 0.14 0.13 0.13 0.93 0 . 12
10 0.56 0.55 0.39 0.98 0.38
Par t  Burnt
Tilmanstone 2 5 0.32 0.29 0.18 0.91 0.17
10 0.61 0.60 0.34 0.98 0.33
15 0.86  • 0.87 0.43 1.01 0.43
Notes: (1) For each mix the s treng th  r e s u l t s  are mean values based on the
r e s u l t s  of three i n d i r e c t  tension t e s t s  and four  d i r e c t  tension  t e s t s .
(2) The 7-day values are from specimens cured a t  cons tant  moisture 
content fo r  7 days.
(3) The 8-day values are from specimens cured a t  cons tan t  moisture 
content fo r  7 days and then s a tu ra ted  fo r  a f u r t h e r  day.
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Figure 10.8 I n t e r - r e l a t i o n s h i p  between Heave. Heaving Pressure
and D i r e c t  Tens i le  St rength"  f o r  Cement S t a b i l i s e d
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Figure 10.9 I n t e r - r e l a t i o n s h i p  between Heave, Heaving Pressure
and D i r e c t  Tens i le  S t rength  f o r  Cement S t a b i l i s e d
Shale
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O Thorn!ey
32
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P Heaving Pressure fo r  the 
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Figure 10.10 I n t e r - r e l a t i o n s h i p  between Heave, Heaving
Pressure and D i re c t  Tens i le  St rength  f o r
Cement S t a b i l i s e d  Shale
when the d i r e c t  t e n s i l e  s t reng th  of the materia l is g rea te r  than the 
heaving pressure .  This supports the hypothesis t h a t  s ig n i f i c a n t  heave 
occurs only when the specimen has f rac tu red  due to the heaving pressure  
exceeding the t e n s i l e  s t reng th  and confirms the f indings of Sutherland 
and Gaskin (^3) which were based only on cy l inder  s p l i t t i n g  t e s t s .
The f r o s t  s u s c e p t i b i l i t y  of  the cement s t a b i l i s e d  shales  is  cu r ren t ly  
judged using the heave c r i t e r i a  e s t a b l i s h e d  f o r  unbound m ate r ia ls  (9) , 
the o r ig ina l  values having been e s ta b l i shed  fo r  s o i l s  and subsequently ex- 
tended*9 ><?13)t 0 . sub-base and roadbase m ate r ia ls .  However, t h i s  may not 
be admissable without f i r s t  of a l l  examining the changes in the s t a b i l i s e d  
mater ia l t h a t  accompany only a small amount of heave. As a specimen 
cools during the ea r ly  par t  of the t e s t ,  thermal con trac t ion  causes a 
shortening and t h i s  is  of the order  of  1mm. In the f r o s t  heave t e s t  
heave is measured from a datum defined by the height  of  the specimen 
before exposure to f reez ing .  However, the to t a l  heave is  t h i s  movement 
plus t h a t  to overcome the thermal con trac t ion  so t h a t  i f  the heave i s  
l e ss  than the co n t rac t io n ,  the n e t t  r e s u l t s  would be a con t rac t ion .
Typical movements obtained by taking readings throughout the t e s t  period 
are  shown p lo t ted  in Figure 10.11.
To assess  the d is ru p t iv e  e f f e c t s  of  heave, s t r eng th  t e s t s  were 
performed on the s t a b i l i s e d  specimens following completion of  the heave 
t e s t .  The specimens w e r e  c a r e f u l l y  removed from the t r o l l e y  and placed in 
polythene bags and s to red  a t  20 ± 2°C for  three  days un t i l  t e s t e d ,  end 
caps being glued to the d i r e c t  tension  specimens before they were placed 
in the bags. The r e s u l t s  are given in Table 10,5 and p lo t te d  in 
F igures l0 .12 and 10.13. Although these specimens were t e s t e d  a t  an age 
of 22 days, only a small increase in s t reng th  above the 7 day values would 
be expected due to the e f f e c t  of the low temperature on hydrat ion.
Figures 10.12 and 10,13 show th a t  the s t a b i l i s e d  shales  which did not 
undergo p os i t ive  movement increased in s trength  by 10 to  20 per cent during
the heave t e s t .  However, there  is  a su b s tan t ia l  reduct ion in the d i r e c t
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Table 10.5 Resul ts o f  S t rength  te s ts  on Cement S t a b i l i s e d  Specimens
a f t e r  the Frost  Heave Test.
    ., /  ■ , ,       ■,
Sample
Cement
Content
(%)
Measured
Heave
(mm)
Total
Movement
(mm)
Strength a f t e r  f reezing 
7 day s t reng th  before f reez ing
Compressive In d i re c tt e n s i l e
Di r e c t  
t e n s i l e
Unburnt
Bedlay 10 0.9 1. 8 1.00 0 . 68 0 . 00
10* -0 .5 0.4 t " f 0.58
Betteshanger 5 1 . 0 2.1 0.85 0.73 0 . 00
5* -0 .3 0.7 t t 0.31
10 - 1. 0 0 . 0 . 0.95 0.98
15 - 1.1 0 . 0 1.18 1.02 1.05
Bull c ro f t 10 8.1 9.0 0.95 t 0 . 00
Chis le t  4 5 1. 0 2.1 0.97 1.03 0 . 00
5* -0 .4 0.6 t t 0.45
10 0 . 0 0.9 1.06 1 . 00 0.25
10* -0 .7 0.3 0.79
15 - 1 . 0 0 . 0 1.20 1.08 1.04
Peckfield 5 11.5 12.4 0.08 t 0 . 00
10 7.2 8.1 0.30 0.13 0 . 00
20 3.6 4.6 0.65 0.30 0 . 00
Snowdown 1 5 0 . 0 1.1 0.83 0.87 0 . 00
10 -0 .7 0.4 1.05 1.00 0.65
Til manstone 1 10 6 . 2 7.1 0.75 t 0 . 00
Burnt
Tilmanstone 3 5 21.4 22.5 0.45 f 0 . 00
10 2.5 3.5 0.75 f 0 . 00
Thorn!ey 5 8 . 0 9.0 t t 0 . 00
10 - 1. 0 0.1 1.15 1.07 0.95
Notes: (1) t  denotes t h a t  the t e s t  was not performed.
(2) Results marked * were obtained from specimens t e s t e d  
for  less  than 250 hours.
(3) The 7 day s trength  values, before f reez ing ,  have been 
abs t rac ted  from Table 8 .3.
(4) The s t reng th  va lues,  a f t e r  f reez ing ,  were based on the 
mean values of three specimens.
Approximate pos i t ion  of  the zero 
rne,o.su*-e.c\ Wcwe., datum l ine
0.8
Total Pos i t ive  
Movement (mm)
0.4
Dj r e c t  Teiisi 1 e Strength Rati o
Strength a f t e r  f reez ing  
7 day s t reng th  before f reez ingDirect  Tensi le Strength Ratio =
Figure 10.12 ' Movement during the -Frost Heave t e s t  p lo t t ed  
agains t  the Dj r e c t  Tensile Strength r a t i o  
for  several Cement Stabi 1 i$ed”~Shaies
Approximate pos i t ion  of the zero 
measured Wove.,datum 1 in§_____
Total Pos i t ive  
Movement (mm)
Direct Tensile Strength Ratio
Strength a f t e r  f reez ing  
7' day s trength  before f reez i  ngDirect Tensile Strength Ratio =
Figure 10.13 Movement during the Frost Heave t e s t  p lo t t ed  
agains t  the Direct Tensi le Strength r a t i o
for  Cement S ta b i l i s e d  Chis le t  4 shale
t e n s i l e  s t reng th  of  the m ater ia ls  th a t  did in f a c t  undergo pos i t ive  
movement. This d i f fe rence  in behaviour is  not apparent from the compres­
sion t e s t s  or  the i n d i r e c t  tension t e s t s  as can be seen from the r e s u l t s  
in Table 10.5.
The reduction in the d i r e c t  t e n s i l e  s t reng th  i s  in d ic a t iv e  of  the 
d is rup t ion  than can r e s u l t  even from r e l a t i v e ly  l imi ted  heave. This 
supports the v i e w ^ ^ ^  expressed in the USA t h a t  the d i r e c t  tension  
approach de tec ts  minute cracks and lo ca l i sed  weaknesses t h a t  are  not 
revealed by the o ther  s t reng th  parameters.  Indeed cement s t a b i l i s e d  
shales  t h a t  develop po s i t iv e  heave ( i . e .  a t o t a l  heave in excess of 
approximately 1 mm) f a i l  to r e t a in  any t e n s i l e . s t r e n g t h  across  the 
f r a c t u r e ,  although the material above and below the crack may be 
comparatively sound. I t  is the re fore  necessary to reconsider  the*heave 
c r i t e r i a  fo r  cement s t a b i l i s e d  mater ia ls  s ince th i s  study c l e a r ly  shows 
t h a t  any p o s i t iv e  movement during the t e s t  is  evidence o f  a non^revers ible  
breakdown within the specimen, and i t  is  considered th a t  t h i s  f inding 
is  of  considerable  importance in judging the merit  of the compression 
t e s t s  fo r  assessing f r o s t  damage.
In highway pavements, the most important p roper t ie s  of cemented 
base mater ia ls  are the t e n s i l e  s t reng th  and the e l a s t i c  modulus, s ince  
these govern the a b i l i t y  of  the material  to r e s i s t  s t r e s s e s  induced by 
wheel loads and by temperature e f f e c t s P ^  Thus a breakdown t h a t  
r e s u l t s  in a loss of  t e n s i l e  s t reng th  wil l  be c r i t i c a l ,  again emphasising 
the l im i ta t io n s  of assessing performance in terms of  compressive s t r e n g th .  
Whilst  i t  is inappropria te  to suggest new c r i t e r i a  based s o le ly  on 
labora to ry  s tudies?  cons idera t ion should be given to evalua t ing  the per'? 
formance of cement s ta b i l i s e d ,  mater ia ls  in terms of t e n s i l e  s t r e n g th .  In 
North America, where freeze-thaw t e s t s  are used, the changes in compressive 
s t ren g th  are used to assess  the f r o s t  s u s c e p t i b i l i t y  of cement s t a b i l i s e d  
and lime s t a b i l i s e d  mater ia ls  and recen t  w o r k ^ ^  has included s tu d ie s  of
f r o s t  s u s c e p t i b i l i t y  in terms of the e f f e c t  on the in d i r e c t  t e n s i l e  
s t reng th .
Heave c r i t e r i a  are a lso used in North America for  judging the f r o s t
s u s c e p t i b i l i t y  of cement s t a b i l i s e d  and lime s t a b i l i s e d  m a te r ia l s .  A
dimensional s t a b i l i t y  t h a t  l im i ts  the change in length with in  the
frozen zone to 1 per cent  has been u s e d ^ ^  , t h i s  being considered
appropria te  fo r  sub-base m ater ia ls  where the wheel-load s t r e s s e s  are  
(9 3 )
a minimum' ' . For the f r o s t  heave specimens used in t h i s  in v e s t ig a t io n  
th i s  requirement would correspond to a movement of  1 mm and t h i s  i s  in 
good agreement with the f inding th a t  a to ta l  heave of more than about 1 mm 
re su l ted  in the complete loss of  t e n s i l e  s t reng th  in specimens o f  
s t a b i l i s e d  sha le .
Other workers ^  ^  have suggested th a t  the expansion should be 
l im i ted  to  0.1 per cent.  This may perhaps be appl icable  to  roadbase 
mater ia ls  where the induced t e n s i l e  s t r e s se s  are l ik e ly  to be r e l a t i v e l y  
h i g h ^ ) ^ ^ ) .  In the USA, cons idera t ion  has also  been given to  the 
formulation of  dual c r i t e r i a  based on a l im i t ing  change in length 
toge ther  with a l im i t ing  loss  of  compressive s t reng th .
As a r e s u l t  of th i s  study and work in North America, i t  appears t h a t  
separa te  c r i t e r i a  may be required fo r  sub-base arid for  roadbase m ater ia ls  
and t h a t  separa te  t e s t  procedures may be necessary.  For sub-base m a te r ia ls  
a continuous f reezing t e s t  with a heave c r i t e r i o n  is  probably appropr ia te  
w h i l s t  fo r  roadbase m ater ia ls  a t e s t i n g  regime which sub jec ts  specimens 
to  cycles of f reezing and thawing, with the r e s i s ta n ce  assessed by a 
t e n s i l e  s t reng th  c r i t e r i o n ,  is  l i k e ly  to  be more s imulat ive  o f  road 
condi t ions .  Using the present  heave c r i t e r i a  a cement s t a b i l i s e d  road­
base could undergo s l i g h t  heave during cold weather which might r e s u l t  
u l t im ate ly  in a heavily cracked mater ia l with the s t r u c tu r e  o f  an unbound, 
granular  m a te r ia l .  This will  not t r a n s f e r  the load in the same manner
as the o r ig ina l  mater ia l and would be expected to lead to f a i l u r e  of  the 
pavement.
In th is  context i t  i s  necessary to b r i e f l y  mention "cement modified
( 13)
m ate r ia l s " ,  a descr ip t ion  which is  not included in the Spec i f ica t ion
(75)
but which applies  to m ater ia ls  occasionally  used in p rac t ic e  . These 
are m a te r ia ls ,  such as sha le ,  t h a t  are f r o s t  su scep t ib le  in the unbound 
s t a t e  but which, with the addi t ion of upto 5 per cent cement, heave less  
than 12.7 mm. However i t  i s  understood t h a t ,  unlike cement s t a b i l i s e d  
m a te r ia l s ,  the s t reng th  i s  not normally measured. The j u s t i f i c a t i o n  fo r  
considering d u r a b i l i t y  alone is  arguable because wheel loading s t r e s s e s  may 
be s u f f i c i e n t  to f r a c tu re  the material  thereby destroying i t s  s t r u c t u r e  __ 
with the r e s u l t  t h a t  i t  has i n s u f f i c i e n t ,  residual  s t reng th  to  r e s i s t  
f r o s t  a t tack  and so behaves as an unbound m a te r ia l .
This condi tion was broadly simulated by f reez ing  cement s t a b i l i s e d
shale specimens t h a t  had a plane of  zero t e n s i l e  s t reng th  a t  the expected
equil ibr ium loca t ion  of the zero isotherm. Two m a te r ia l s ,  each with a
heave of  less  than 12.7 mm, were t e s te d .  In each case th ree  specimens
were cured fo r  7 days a f t e r  which they were cut p a r a l l e l  to  the base,  the
cuts being 55 mm above the base as th is  had been found to  be the lower l i m i t
of f reez ing .  The specimens were then subjected to the f r o s t  heave t e s t
and the r e su l t s  are given in Table 10.6. The cut specimens heaved more
than did the fu l l  specimens, but not as much as the unbound sh a le .
Experimental o b s e r v a t i o n s ^ ^ ^  have shown t h a t ,  although the
la r g e s t  lens grows a t  the lower l im i t  of f reez in g ,  add i t ional  but smal le r
lenses are formed above th i s  level as the f reez ing  f ro n t  pene t ra te s  in to
the m ate r ia l .  The increased heave of  the cut specimen is  a t t r i b u t a b l e
to u n re s t r i c t e d  ice  growth a t  the d i sc o n t in u i ty ,  but ice  Tensing above
th is  point i s  s t i l l  r e s t r i c t e d  by the cementing ac t ion .  S imilar  f ind ings
(43)have been reported by Sutherland and Gaskin V  in r e l a t io n  to  cement 
s t a b i l i s e d  pulver ised  fuel ash.
Table 10.6 Frost  Heave values fo r  Full and fo r  
Sawn Cement S ta b i l i s ed  specimens
Sample Cement
Average Heave (mm)
Content (%) Sawn Full Unbound
Unburnt 
Ch is le t  4 5 5.6 1 . 0 50.8
Snowdown 1 5 2.3 0 . 0 10.7
Tilmanstone 1 10 13.6 6 . 2 4.1
Table 10.7 Results of  Repeat Frost  Heave t e s t s  on 
Cement S ta b i l i s e d  shales
Sample Cement
Average Heave (mm)
Content(%) 250 hr. 500 hr* Unbound 250 hr.
Unburnt 
C h is le t  4 5 1 . 0 4.1 10.7
Chis le t  4 15 - 1 . 0 - 1 , 0 . 10.7
Snowdown 1 5 0 . 0 2.1 4.1
Til manstone 1 10 6 . 2 14.9 50.8
Values marked * r e l a t e  to two fu l l  t e s t  runs with an 
in te rva l  of 7 days between runs.
In order  to  judge the e f f e c t  of successive severe w in te r s ,  some 
cement s t a b i l i s e d  specimens were subjected to two f r o s t  heave t e s t s .
After  f reezing fo r  250 hours,  they were ca re fu l ly  removed from the cold 
room and allowed to thaw fo r  7 days before being re turned to the cold 
room and t e s te d  fo r  a fu r th e r  250 hours.  The mean heave values fo r  s e t s  
of three  specimens are given in Table 10.7 and they a lso  show t h a t  once 
the material has cracked, subsequent f reez ing  leads to increased heave, 
thus confirming the r e su l t s  obtained with the cut specimens.
Due to the continuous hydration of cement, the p roper t ie s  of  
cement s t a b i l i s e d  mater ia ls  change with time. The change in s t r e n g th ,  
with time, is  well documented w h i l s t  the changes in permeabi l ity
have been discussed in Chapter 7. Thus the heave of specimens t h a t  have 
been cured for  7 days is  only a guide to the f r o s t  r e s i s ta n c e  of  specimens 
cured for  longer per iods.  To obtain data on the e f f e c t s  of  prolonged 
curing,  heave t e s t s  were performed on specimens cured fo r  th ree  months 
and the r e s u l t s  given in Table 10.8 show t h a t  extended curing reduces 
heave, and i t  can be argued th a t  t e s t in g  a f t e r  seven days provides a 
f a c to r  of s a fe ty .
Also in the f i e l d ,  the f r o s t  r e s i s ta n ce  of a p a r t i c u l a r  cement 
s t a b i l i s e d  mater ia l could be af fec ted  by the time lapse between cons truc­
t ion  and the onset  of adverse condi t ions .
10.4 Role of cement in f r o s t  action
10.4.1 General hypothesis The r e s u l t s  of the permeabi l i ty
(84)(119)
study,  together  with those of  o ther  workers , support  the
view th a t  cement s t a b i l i s a t i o n  produces an aggregation of  the clay 
co l lo ids  which leads to changes in the pore s t r u c tu r e  of  the m a te r ia l .  
Aggregation produces a subs tan t ia l  number of  r e l a t i v e ly  la rge  pores 
between the f loes  and a decrease in the number of  pores between the 
individual clay c o l lo id s ,  the t o t a l  porosi ty  remaining r e l a t i v e l y  unaf fec ted .
Table 10.8 F ros t  Heave values f o r  Cement S t a b i l i s e d
shales  t e s te d  a f t e r  e i t h e r  7 days or  
3 months
• Cement 
Content (%)
Average Heave (mm)
Shale Cured fo r  . 
7 days
Cured fo r  
3 months
Unburnt 
Snowdown 1 5 0 . 0 -0 .5
Tilmanstone 1 10 6 . 2 5.6
Burnt
Tilmans tone 3 5 . 16.4 12.9
In addi t ion gel pores are formed as the cement hydrates but they are too 
small to permit the formation of ice  nuclei above -78°C, so t h a t  in 
p rac t ice  no ice is  formed in them ( 120) ( 121) # j n p a r t i c u l a r  the gel 
water is  extremely a lka l ine  so t h a t  i t s  f reez ing  point  is  depressed.
As a r e s u l t  of  the increase in pore s iz e  the degree of  supercooling 
necessary to f reeze the pore water is  less  than th a t  of the corresponding 
unbound sh a le ,  and so the f ree  energy, AFv , l ib e ra te d  during ice  Tensing, 
is  reduced. This energy is  the motivating force in the heaving process ,  
and the re fo re  any reduction must a lso  r e s u l t  in a reduct ion in heaving 
a c t i v i t y .  I t  was expected th a t  th i s  e f f e c t  would be most no t iceab le  with 
the f ine r-graded ,  unburnt shales s in ce ,  in these  s h a l e s , the changes in 
pore s t r u c tu r e ,  accompanying aggregation,  are most ev ident .  This is  
supported by the r e s u l t s  of  the heaving pressure t e s t s  on the unburnt 
shales from Peckf ield and Tilmanstone. The heaving pressure  developed 
by the s t a b i l i s e d  samples was less  than t h a t  developed by the unbound 
samples,  th i s  reduction being in d ic a t iv e  of  the reduction in f re e  energy 
l ib e ra te d  during f reez ing .  Thus the increase  in pore s iz e  accounts fo r  
some of the change in heave associa ted  with the addi t ion  of  cement.
Unlike unbound sha le ,  the cement s t a b i l i s e d  material  has s i g n i f i c a n t  
s t reng th  and, for  heave to occur,  the expansive heaving pressures  must 
overcome the t e n s i l e  s trength  of  the m a te r ia l .  However, t h i s  t e n s i l e  
s t reng th  also has a role  in reducing the heave of s t a b i l i s e d  m ate r ia ls  
t h a t  heave to some ex ten t ,  s ince  energy i s  consumed in f r a c tu r in g  the 
s t a b i l i s e d  material before ice  growth can occur.  The energy source i s  
the f ree  energy, AFv, as th i s  is  the only energy assoc ia ted  with f r o s t  
, c . , „ n (2°><32><33>.
10.4.2 Influence of f r a c tu r e  energy In Chapter 3, a genera l ised  
hypothesis for  the work done in heaving was expressed in an energy equat ion 
as fo l lows:-
E = R.d + W 10.1
where E is the r a t e  of generat ion of f ree  energy, R is  the r e s i s ta n ce  
• • 
to heave, d is  the heaving r a t e  and W is  the work r a t e  in l i f t i n g  the
water .  For a f r o s t  heave t e s t  on an unbound material
R = Wf  + F 10.2
where is  the v/eight of frozen so i l  above the f reez ing  f ro n t  and 
F is the f r i c t i o n a l  r e s i s ta n ce  o t  displacement.
In the standard f r o s t  heave t e s t ,  F is  probably very small as the 
specimens are only loose ly  wrapped in paper so t h a t  contact  between the 
two surfaces  is  l im i ted .  Thus, fo r  an unbound m a te r i a l : -
Eu = Wf .du + U 10.3
The to ta l  energy balance fo r  the 250 hour t e s t  period can be simply 
expressed:-
Em = Wf .d + / 25° W dt  10.4
u T u o
where E  ^ is  the to t a l  energy l i b e r a t e d ,  dy is  the t o t a l  heave and the
l a t t e r  term is the to ta l  energy expended in water t r a n s p o r t .
For a f r o s t  heave t e s t  on the same mater ia l when cement s t a b i l i s e d ,  
an addit ional term, E^ must be added to allow fo r  the energy expended 
in f rac tu r in g  the specimen and, assuming e l a s t i c  behaviour,  t h i s  can be 
expressed as fo l lows:-
Ep -  i  P.x = i  f^ .A.x 10.5
where P i s  the load to cause f a i l u r e ,  x is  the l im i t in g  crack width,  
fj. is  the t e n s i l e  s treng th  of  the mater ia l and A is  the c ro ss - s ec t io n a l  
area of  the specimen.
Therefore the to ta l  energy balance fo r  a t e s t  on s t a b i l i s e d  mater ia l  
becomes:-
p e n  •
E = | . f . . A . x  + Wf .d + /  W dt  10.6S Z  T S 0
and i f  n separate  ice  lenses are formed in the specimen, th en : -
,250  •
E = n . J . f . .A.x + Wf .d + /  W dt  10.7s z t  s o
Apart from the f i r s t  term, the expressions fo r  the s t a b i l i s e d  material  
are s im i la r  to the one fo r  unbound m ate r ia l .  The value of W^ , for  a l l  
specimens, i s  approximately 1.3 kg, whereas the equivalent  value o f  P, the 
product f f A ,  wi ll  depend on the t e n s i l e  s t reng th  of the s t a b i l i s e d  
m ate r ia l .  The unbound material  has n eg l ig ib le  t e n s i l e  s t reng th  p a r t i c u la r l y  
a t  the f reezing f ro n t  where the sha le  is  s a tu r a te d .  Based on a typica l  
value of t e n s i l e  s t reng th  of  0.25 MN/m2 fo r  the s t a b i l i s e d  m a te r ia l ,  the 
value of P becomes 175 kg. Thus a s ig n i f i c a n t  amount of energy wil l  be 
expended in f rac tu r in g  the mater ia l so t h a t  the ice  can grow. Although 
i t  has been shown t h a t ' i n  general permeabil ity  was comparatively 
unaffected  by cement s t a b i l i s a t i o n ,  with c e r ta in  shales  i t  was s i g n i f i c a n t l y  
increased.  The changes in pore s t r u c t u r e ,  following s t a b i l i s a t i o n ,  could 
a lso  a f fec t '  the c a p i l l a r i t y  of the sha le .  However, with permeabi l i ty  
l i t t l e  a f fec te d ,  the work required to l i f t  water  to the f reez ing  f ro n t  is
probably not g rea t ly  influenced by cement s t a b i l i s a t i o n ,  and so a s ing le
2 5 0  -  *
value of  /  W d t  is appl icable  to both the unbound and the cement o.
s t a b i l i s e d  specimens of a given sha le .
Assuming t h a t : -
Es = v
. 2 5 0 * . 2 5 0 *
|  f^ .A.x + Wp..ds + /o W dt  = kf^.d^ + /  W dt
f  A
ds = du - TWf  x 10‘8
and assuming a t e n s i l e  s treng th  of 0.25 MN/m2
d = d - 63xs u
and i f  n separate  ice  lenses are formed:-
d„ = dM - 63nxs u
Hence the t e n s i l e  s trength  s i g n i f i c a n t l y  reduces the heave of  those 
mater ia ls  t h a t  s t i l l  heave a f t e r  cement s t a b i l i s a t i o n .  A d d i t iona l ly ,  
i t  was explained e a r l i e r  th a t  the accompanying changes in pore s ize  
lead to a reduction in the amount of f ree  energy l ib e ra te d
du r ing  f re e z in g ,  so t h a t : -
E < E rs u
As a r e s u l t ,  once f ra c tu r e  has .occurred ,  .heaving i s  f u r th e r  r e s t r i c t e d  
s ince  the amount of f r e e  energy is  less  than th a t  ind ica ted  in equation 
10. 8 .
10.4.3 Comparison with f r o s t  ac t ion  in a i r  en tra ined  concrete The
two shales t h a t  experienced a s ig n i f i c a n t  increase  in perm eabi l i ty ,  following
cement s t a b i l i s a t i o n ,  a lso showed an increase  in heave. This behaviour
(9) (6 6 )
is  cons is ten t  with the accepted view th a t  a decrease in permea­
b i l i t y  leads to a decrease in heave, as more energy is  expended in  t r a n s ­
por ting water to the f reezing f ro n t .  Townsend and Klym have suggested 
t h a t ,  in addit ion to the e f f e c t s  of t e n s i l e  s t r e n g th ,  an increase  in 
permeabi l ity ,  following s t a b i l i s a t i o n ,  can lead to  a decrease in f r o s t  
damage by allowing the d i s s ip a t io n  of excess hydraulic  pressures  generated 
as ice  i s  formed. This hypothesis was developed fo r  lime s t a b i l i s e d  
s o i l s  and was based on the behaviour of Portland cement mortar under 
s im i la r  condi t ions .  Townsend and Klym considered t h a t ,  due to s i m i l a r i t i e s  
in the mechanical p ro p e r t i e s ,  the two systems would behave in the same way 
when frozen. They have suggested t h a t  as a r e s u l t  of the changes in pore 
s i z e ,  the l a rg e r  pores in the s t a b i l i s e d  mater ia l ac t  in a s im i l a r  way to 
the a i r  bubbles in a i r  en tra ined  concrete .
There a re ,  however, ce r ta in  important d i f fe rences  between a i r  en t ra ined  
concrete and cement s t a b i l i s e d  sha le .  Air -entrainment increases  the t o t a l  
porosi ty  of the concrete by as much as 1000 per cen t ,  whereas cement 
s t a b i l i s a t i o n  of  the shales r e s u l t s  in a r e d i s t r ib u t io n  o f  the o r ig in a l  
pore space, which r e s u l t s  in changes in the degree of  supercooling and 
thereby of the f ree  energy of heaving. In add i t ion  the a i r  bubbles in 
concrete are r e l a t i v e ly  uniform in s iz e  and, more important ,  they are 
uniformly d i s t r i b u t e d ,  w h i l s t  the pores in the s t a b i l i s e d  shales  are  random,
both in s iz e  and in d i s t r i b u t i o n  due to the heterogeneous nature of  the 
m a te r ia l .  With the sh a le s ,  some of the pores are unaffected  by the cement 
as they are within  the shale p a r t i c l e s .  In concrete the a i r  bubbles serve 
to reduce only local pressures  s ince  there  is a lack of con t inu i ty  in 
the pore s t ru c tu re  v/hereas, in the s t a b i l i s e d  sh a le s ,  the la rge  pores are 
par t  of a continuous pore system in which the mass movement of water i s  a 
major f a c to r .  In essence f reez ing  in concrete r e l a t e s  to a closed system 
whereas the s t a b i l i s e d  shale  is an open system.
. I t  is  probable t h a t  the most important d i f fe rence  is  the moisture 
s t a t e  within  the a i r  bubbles of  the concrete  compared with t h a t  with in  the 
large pores of the s t a b i l i s e d  sha le .  In concrete the bubbles are not fu l l  
with water so t h a t  the re  is s u f f i c i e n t  room to accommodate the local 
expansion t h a t  occurs when c a p i l l a ry  water is f rozen.  In c o n t r a s t ,  the 
voids in cement s t a b i l i s e d  shales  are s a tu ra te d ,  e i t h e r  during the 
p r e - t e s t  s a tu ra t io n  period or  during the f reezing process ,  s ince  they have 
open systems for  moisture movement. The water  in the l a r g e r  pores f reezes  
before t h a t  in the smaller  pores so t h a t  the l a r g e r  ones cannot a c t  as 
re leases  for  the pressures  generated as f reez ing  progresses to the smaller  
pores.  In the f i e l d ,  where f reezing can occur in an unsatura ted  m a te r ia l ,  
the l a rg e r  voids may allow pressure  r e l e a se ,  but .from the r e s u l t s  of  t h i s  
study,  th i s  is  not the case in the s tandard  f r o s t  heave t e s t s .  I t  would 
appear,  th e re fo re ,  t h a t  the analogy with cement mortar i s  not e n t i r e ly  
supportable .
10.4.4 Exp!anation of t e s t  behaviour The hypothesis developed in th i  
research aims a t  explain ing the reduct ion in the heave of  most shales  when 
s t a b i l i s e d  with cement, but i t  is a lso  necessary to consider  the fu l l  range 
of observed pa t te rns  of  behaviour o f  these m a te r ia ls .
Dealing f i r s t  of a l l  with the g r e a te r  heave of  the sawn specimens, 
compared with th a t  of the fu l l  specimens, no work i s  required to f r a c tu re  
the materia l and so a l l  of  the av a i lab le  energy can be used fo r  heaving 
and fo r  t ranspor t ing  water to the f reezing  f r o n t .  The cut specimens did
not heave as much as the unbound specimens of  the same m a te r i a l , s ince  the 
changes in pore s t r u c t u r e ,  r e s u l t i n g  from cement s t a b i l i s a t i o n ,  lead to 
a, reduct ion in the f ree  energy l ib e ra te d  during f reez ing .  Refrozen 
specimens a lso  showed an increase  in heave s ince ,  once again,  energy was 
not expended in f rac tu r in g  the specimens.
The lower heave of specimens cured f o r  th ree  months before t e s t i n g  
can be a t t r i b u t e d  to the increase  in s t reng th  and the decrease in permeabil ity  
t h a t  r e su l ted  from prolonged curing.  The increase  in s t reng th  increases  
the energy required  to f r a c tu r e  the material and the decrease in permeabi l ity  
increases the energy required fo r  t r a nspo r t ing  water so t h a t  less  energy 
i s  ava i lab le  fo r  heaving. Continued hydration a lso  r e s u l t s  in a con trac­
t ion  in pore s iz e  due to the products of  hydration and th i s  leads to  an 
increase  in the f ree  energy l i b e ra te d  during f reez ing ,  but t h i s  is  thought 
to be i n s u f f i c i e n t  to inf luence the behaviour.  An increase  in  cement 
content a lso reduces heave, due to the increase  in s t reng th  and the 
changes in pore s ize  which reduce the f ree  energy of  heaving. However, 
in m ater ia ls  with r e l a t i v e ly  high cement con ten ts ,  i t  i s  poss ib le  t h a t  the 
crea t ion  of  a more open pore s t r u c tu r e  due to  aggregation i s  o f f s e t  by 
the pore f i l l i n g  act ion  of  the cement and of  the products of  hydra t ion .
In such cases there  may be an overal l  increase  in the amount of  f re e  
energy but  the s t reng th  of the material  may be s u f f i c i e n t  e i t h e r  to  prevent  
or to l im i t  heave. (Such cement contents may a lso  r e s u l t  in a reduction 
in permeabi l i ty ,  fu r th e r  l im i t in g  the energy ava i lab le  fo r  heaving.)
When s t a b i l i s e d  with 5 per cent  of  cement, the unburnt shales  from 
Peckfield and from Bull c r o f t  showed a marked increase  in heave, and the  
unburnt shale  from Rothwell showed no change in heave. Of the 31 sha les  
t e s t e d ,  these  had the f i n e s t  gradings and, in the unbound s t a t e ,  the lowest 
pe rm eab i l i t ie s .  With such f ine -g ra ined  sh a le s ,  cement induced aggregation 
would be expected to be most marked. On s t a b i l i s a t i o n ,  these  m a te r ia ls  
showed an increase  in permeabil ity  and a decrease in heaving p re ssu re ,  as 
would be expected from mater ia ls  which aggregated. In add i t ion  the
r e su l t s  of the s t reng th  t e s t s  in Table 10.4 ind ica te  t h a t ,  a f t e r  only one
day of  soaking, these  mater ia ls  had l o s t  a t  l e a s t  60 per cent of  t h e i r
7-day t e n s i l e  s treng th  and f u r th e r  soaking,  as occurs in the f r o s t  heave 
t e s t ,  would be expected to  lead to  the loss of a l l  t e n s i l e  s t ren g th .
From these observations  i t  i s  poss ib le  to suggest an explanat ion of  t h e i r  
heaving behaviour in terms of the hypothesis presented e a r l i e r  in th i s  chapter .
The changes in pore s ize  and in pore s iz e  d i s t r i b u t i o n  lead to  l e ss  
f ree  energy being l ib e ra te d  during f reez in g ,  but the manner in which th i s  
energy is  used is  a lso  a f fec ted  by the o ther  f a c to r s .  Due to  the loss of 
s t reng th  caused by soaking, very l i t t l e  i f  any of  the f ree  energy is  
required to f ra c tu re  the m a t e r i a l , so t h a t : -
L  = Ifc.ci + W 10.11s f  s
This expression is  s im i la r  to  t h a t  derived fo r  unbound sha le .  However, 
the most important f a c to r  is  bel ieved to be the in c rease ,  by a t  l e a s t  two 
orders of magnitude, in permeabil ity  following s t a b i l i s a t i o n .  Thus the 
energy expended on t ra nspo r t ing  water  to the growing lens is  much reduced
so th a t  more of  the ava i lab le  energy can be used fo r  heaving:-
L  = W*.dL + mil 10 .12s f  s
where m < A .
The behaviour wi l l  be governed by the r e l a t io n s h ip  between the reduction 
in to ta l  energy and the reduct ion in the energy fo r  water  t r a n s p o r t . .  The 
r e s u l t s  of the heaving pressure  t e s t s  suggest t h a t  the e f f e c t  on f re e  energy 
may be less  than the e f f e c t  on permeabi l i ty .  In ad d i t io n ,  the changes in
pore s t ru c tu re  could a f f e c t  the c a p i l l a r i t y  and so reduce the number of
continuous flow channels through the unfrozen m ate r ia l .  Such behaviour 
would r e s u l t  in an increase  in the amount of energy used in water  t r a n s p o r t ,  
but the r e su l t s  suggest t h a t  the change in permeabil ity  is  the c ruc ia l  
f a c to r  with these p a r t i c u la r  sha les .
The freezing behaviour of  c o l l i e ry  sha le ,  both unbound and when
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s t a b i l i s e d  with cement, is c l e a r ly  a complex mechanism and i t  i s  t e n t a t ­
ively  suggested t h a t  f r o s t  ac t ion can be expressed in terms of  an energy 
balance. In both unbound and cement s t a b i l i s e d  shales the energy for  f r o s t  
act ion is l ib e ra te d  by supercooled f reezing  in the so i l  pores ,  and i t  i s  
u t i l i s e d  fo r  t ra n sp o r t in g  water to the f reezing f ro n t  and f o r  l i f t i n g  the 
frozen so i l  plus any imposed loads.  With the unbound sh a le ,  the s t r u c tu r e  
o f  the shale  contro ls  the mass movement o f  water and the shales  can be 
considered as two-phase m ater ia ls  cons is t ing  of  porous p a r t i c l e s  embedded 
in a matrix of  f ine  m a te r ia l .  In cement s t a b i l i s e d  shales  the t e n s i l e  
s trength  of the mater ial is  analogous to an imposed load which must be 
overcome before heaving can proceed. In add i t ion ,  s t a b i l i s a t i o n  produces 
changes in the pore s t r u c tu r e  which a f f e c t  both the  degree of  supercooling 
and the permeabi l ity .
CHAPTER 11 
MAIN CONCLUSIONS
The r e s u l t s  obtained in the in v es t ig a t io n  have been discussed in 
de ta i l  in the preceding sec t ions  of  the th e s i s  and the following are 
considered to be the main conclusions .
11.1 Frost  ac t ion
11.1.1 Testing techniques
(1) Frost heave t e s t s  can be undertaken s a t i s f a c t o r i l y  
in a deep f reeze cab ine t ,  providing t h a t  care is  taken to 
ensure compliance with the required t e s t  condit ions.
(2) Rela t ive ly  minor a l t e r a t i o n s  to the t e s t  procedure could 
simplify and improve the t e s t i n g  technique. In p a r t i c u l a r  these  
r e l a t e  to  the minimum number of specimens requ ired ,  the use of  
d i s t i l l e d  water ,  specify ing  the grading of  the sand packing and 
specify ing in d e ta i l  the cons truc t ion  of  the t r o l l e y s .
(3) The use of specimen density  values more c lo se ly  r e l a t e d  
to f i e l d  density  values cu r ren t ly  achieved merits co n s id e ra t io n ,  
but th i s  would n e c e s s i t a te  a rev is ion  of  the heave values t h a t  
id e n t i fy  f r o s t  suscep t ib le  m a te r ia l .
(4) The heaving pressure t e s t  y ie ld s  repeatable  va lues ,  
although the e f f e c t s  of sidewall r e s i s ta n ce  require  f u r t h e r  study.
(5) The equipment used f o r  measuring heaving pressure  could 
be e a s i ly  adapted to measure heave, with the thermoelas t ic  devices 
providing an extremely e f f i c i e n t  and r e l i a b l e  means fo r  f reez ing  
s o i l .
11.1.2 Unbound material
(1) Frost  action in c o l l i e ry  shale  is  governed by the pores 
between p a r t i c l e s  and those within indiv idual  p a r t i c l e s ,  and i t  
i s  convenient to consider  the shales  as two-phase m ater ia ls  con­
ta in ing  porous p a r t i c l e s  embedded in a matrix of f ine  m a te r ia l .  
Thus the amount and nature of  the f ine  mater ia l and the absorp­
t ion  of the indiv idual  p a r t i c l e s  g rea t ly  influence the heave
of  c o l l i e ry  shale  and provide a basis  fo r  p red ic t ing  f r o s t  
s u s c e p t i b i l i t y .  I t  follows t h a t ,  in genera l ,  burnt shales  with 
t h e i r  b r i c k - l i k e  s t r u c tu r e  are more l ik e ly  to  be f r o s t  suscep t ­
ib le  than are the unburnt shales with t h e i r  c l a y - l ik e  f in e s .
(2) Heave is  shown to increase, with increase  in specimen 
moisture content a t  the time of  compaction, with decrease in 
specimen dry density  and with decrease in maximum p a r t i c l e  s i z e .  
These f indings  suggest t h a t ,  fo r  c o l l i e r y  sh a le ,  the moisture 
content  and dry density  chosen to meet the cu r ren t  t e s t  procedure 
give a conservat ive evaluat ion of  f r o s t  s u s c e p t i b i l i t y  when taking 
account of cu r ren t  p ra c t ic e .  Furthermore, rev is ing  the t e s t  
procedure to allow the use of only mater ia l  less  than 20 mm 
maximum s ize  would also e r r  on the conservat ive s id e .
(3) Heaving pressure  increases  with increase  in the 
amount of  f ine  material  in the shales  bu t ,  p a r t i c u l a r l y  with 
burnt  sh a le s ,  p a r t i c l e  absorption a lso  influences the heaving 
pressure .
(4) From the l imited  data obtained in t e s t s  on c o l l i e r y  
s h a le s ,  heave and heaving pressure appear to be r e l a t e d ,  
although separa te  re la t io n sh ip s  e x i s t  fo r  burnt  and fo r  unburnt 
sha les .
11,1.3  Cement s t a b i l i s e d  mater ia l
(1) A genera l ised  hypothesis i s  advanced to  explain f r o s t  
ac tion in cement s t a b i l i s e d  shales  in terms of the work expended 
f r a c tu r in g  the materia l before ice  growth, l i f t i n g  water to  the 
growing ice  lens and the r e su l t in g  v e r t ic a l  displacement of  the 
frozen material  above the growing lens .
(2) With c e r t a in  exceptions the addi t ion of  cement reduces 
the heave of  both burnt and unburnt c o l l i e ry  sha le .  This is  
a t t r i b u t e d  to  the t e n s i l e  s t reng th  imparted and to changes in 
the pore s t r u c tu r e  r e su l t in g  from cement s t a b i l i s a t i o n .  The 
exceptions to t h i s  f inding are  the f ine -g ra ined  shales  in which 
the addi t ion  of cement leads to  aggregation of  the clay p a r t i c l e s ,
r e su l t in g  in increased heave.
(3) Increase in leng th ,  during f ree z in g ,  i s  evidence of  
a non-revers ib le  breakdown, and so fu r th e r  cons idera t ion  
should be given to the cur ren t  heave c r i t e r i a  when assess ing  
t h e , f r o s t  s u s c e p t i b i l i t y  of  cement s t a b i l i s e d  m a te r ia l .  A 
t e n s i l e  s t reng th  c r i t e r i o n  would be more ap p ro p r ia te ,  
p a r t i c u la r l y  fo r  roadbase m a te r ia l s ,  although a heave c r i t e r i o n  
may s t i l l  be acceptable fo r  sub-base m a te r ia ls .
(4) The heaving pressure  generated by a cement s t a b i l i s e d  
shale  i s  s im i la r  to t h a t  generated by the same shale  when 
unbound except t h a t ,  due to aggregat ion,  the f i n e r  grained shales  
develop a lower heaving pressure p a r t i c u l a r l y  a t  higher  cement
contents .  The r e s u l t s  show t h a t  s i g n i f i c a n t  heave only occurs when
the measured heaving pressure  exceeds the d i r e c t  t e n s i l e  
s treng th  of  the m a te r ia l .
11.2 General study
11.2.1 Soil p roper t ie s  and permeabil ity
(1) The amount of f in e  mater ial in the shale  provides a 
useful aid  fo r  p red ic t ing  the optimum moisture content  of  the 
unburnt material fo r  prel iminary t e s t i n g .
(2) The amount of f ine  mater ial and the absorption 
inf luence the permeabil ity  of  unbound sha le s .
(3) The permeabili ty  of  a cement s t a b i l i s e d  shale  is  
o f  the same order  as t h a t  of the unbound shale .  However,
with the f i n e r  shales  the permeabil ity  is  s i g n i f i c a n t l y  g r e a te r  
than t h a t  of  the unbound shale due to aggregat ion.
(4) The permeabil ity  of a cement s t a b i l i s e d  sha le  
decreases with prolonged cur ing ,  but the e f f e c t s  of  cement 
content  are more complex and f u r th e r  study is  necessary.
11.2.2 Strength of  cement s t a b i l i s e d  shales
(1) The glued end-caps technique proved to be a s a t i s f a c t o r y  
method fo r  measuring the d i r e c t  t e n s i l e  s t reng th .
(2) The compressive s t reng th  r e s u l t s ,  measured under 
labora tory  cond i t ions ,  showed t h a t  c e r ta in  unburnt shales  
could be s a t i s f a c t o r i l y  s t a b i l i s e d  to  meet the cu r ren t  
s t reng th  requirement fo r  soil -cement.  A subsequent f i e l d  t r i a l  
with a p a r t i c u la r  shale  confirmed th i s  f ind ing ,  the requ ired  
s t reng ths  being obtained a t  the f i e l d  density  achieved. The 
t r i a l  showed t h a t  no special problems were encountered when 
using cement s t a b i l i s e d ,  unburnt shale  as a sub-base m a te r ia l .
F in a l ly ,  the work undertaken suggests t h a t  the use of cement 
s t a b i l i s e d  c o l l i e r y  shale has merit  in road cons truc t ion  and t h a t  the 
p roper t ie s  cu r ren t ly  required can be ensured with many of  th e  shales  
examined. The importance of  thorough t e s t i n g ,  however, cannot be over 
emphasised and care must be taken to ensure t h a t  the s u i t a b i l i t y  of a 
p a r t i c u l a r  source of supply is  vigourously examined before use.
CHAPTER 12
RECOMMENDATIONS FOR FUTURE WORK
Based on the work undertaken, a number of  recommendations are made 
below regarding the need fo r  f u r th e r  work r e l a t in g  to f r o s t  heave t e s t i n g  
and to the mechanism of f r o s t  heave.
12.1 Test ing techniques
12.1.1 Frost  heave t e s t  This t e s t  requires  close  study with p a r t i c u l  
reference to the following p o in t s : -
(1) Examining the merit  of  preparing specimens of  dens i ty  and 
moisture content  values more c lose ly  r e l a t e d  to the p resen t  day values 
obtained in road cons truc t ion .  This change wil l  involve e s t a b l i s h in g  
revised c r i t e r i a  in order  to c o r re l a t e  t e s t  behaviour and f i e l d  
behaviour.  Fie ld  behaviour could i n i t i a l l y  be simulated with advantage 
in a large t e s t  p i t .
(2) Undertaking fu r th e r  work regarding the evaluat ion  of  the f r o s t  
s u s c e p t i b i l i t y  of  cement s t a b i l i s e d  m a te r ia l s ,  the work reported  in t h i s  
th es i s  having suggested th a t  the un i-ax ia l  t e n s i l e  s t reng th  o f f e r s  a 
promising approach. This is  e sp ec ia l ly  important in r e l a t io n  to  roadbase 
m ater ia ls  and, p a r t i c u la r l y  fo r  mater ia l in the upper p a r t  o f  the  roadbase, 
i t  may be necessary to consider  a freeze-thaw environment in preference
to prolonged f reez ing .  The implicat ions  of  t h i s  study are f a r  reaching 
s ince c o r re la t io n  with f i e l d  behaviour would also be requ ired .
12.1.2 Thermoelectric devices The use of  th erm o e lec tr ic ,  devices  .is 
shown to  o f fe r  a convenient method fo r  f reez ing  s o i l s  and, in fu tu re  work, 
cons idera t ion should be given to t h e i r  use in laboratory  s tu d i e s .  In 
p a r t i c u l a r  they may be s u i t a b le  fo r  carrying out f r o s t  heave t e s t s  on a 
l imited number of specimens.
12.2 Mechanism o f  f r o s t  heave
For fu ture  work, i t  i s  suggested t h a t  permeabil ity  should be measured 
under condit ions of unsaturated flow in preference to the s a tu ra ted  flow
s t a t e  used in the work reported in th is  th e s i s .
12.2.1 Unbound m ater ia ls  The points  l i s t e d  below appear to merit  
f u r th e r  s tudy:-
(1) An examination, covering a wide range of m a te r ia l s ,  to see whether 
p roper t ie s  such as absorpt ion or p l a s t i c i t y  provide a poss ib le  means of  
a s s i s t i n g  in the p red ic t ion  of  f r o s t  s u s c e p t i b i l i t y .  Attent ion  should
also  be pa id ,  with the range of m ater ia ls  examined, to e s ta b l i s h in g  
r e l a t io n sh ip s  between heave and heaving pressure .  >
(2) Measurement of the suction pressure developed in the so i l  water  
below the f reezing f r o n t ,  s ince  l i t t l e  i s  known of  i t s  v a r i a t io n  with s o i l -
type,  with temperature and with o ther  fac to rs  involved in the f reez ing
process.  In th i s  con tex t ,  i t  has recen t ly  been suggested in the USA t h a t  
measurement of the heaving and the suction pressures  may s implify  the 
i d e n t i f i c a t i o n  of  f r o s t  suscep t ib le  s o i l s .
(3) F ina l ly  a study of clay mineralogy should form p a r t  of  fu tu re  
work s ince  th i s  may aid  the i d e n t i f i c a t i o n  of  f r o s t  su scep t ib le  s o i l s .
12.2.2 Cement s t a b i l i s e d  mater ia ls  I t  would be useful to  examine 
the e f f e c t s  of  prolonged curing on heave, heaving p re ssu re ,  t e n s i l e  
s treng th  and pe rm eab i l i ty . Long-term changes in p roper t ie s  with maturi ty  
cou ld , fo r  example, r e s u l t  in a mater ial in which heave does not occur v/hen 
the t e n s i l e  s trength  exceeds the heaving pressure  bu t ,  in the absence o f  
comprehensive experimental da ta ,  t h i s  concept has y e t  to be v e r i f i e d .
Useful data could a lso  be obtained from t e s t s  in which the cement content 
is  the main var iab le .
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APPENDIX
D e ta i ls  o f  the r e f r i g e r a t i o n  and c o n t ro l  equipment in  the  co ld  room
The cold room was constructed by a local firm of  r e f r i g e r a t i o n  con­
t r a c to r s  , Barnett  Brothers,  to meet the requirements of  LR 9 0 ^ ^ ,  and the 
complete u n i t ,  excluding t r o l l e y s  cost  £1050 in  August 1969.
The walls and roof of  the cold room are each cons tructed  from two sheets  
of galvanised s t e e l ,  separated by a layer  of polystyrene 180 mm th ick .  The 
f lo o r  cons is ts  of a s lab  of  concrete  150 mm th ic k ,  a l l  the in s id e  dimensions 
are 1.9 metres producing an in te rna l  volume of approximately 7 cubic metres.  
Entry to the cold room is  via a door 0.9 metre wide, placed c e n t r a l l y  in 
one s ide  of the room.
Cooling is  brought about by a c e i l in g  mounted Searle-Bush cooler .  This 
cons is ts  of two powerful fans mounted behind the pipes conta in ing  the c i r ­
cu la t ing  r e f r i g e r a n t  (F22). The cooler  i s  connected to a F r ig i d a i r e ,  a i r -  
cooled condensing u n i t .  This un i t  i s  f lo o r  mounted and has a nominal r a t in g  
of 2 hp. The cooler  is p r e - s e t  for  two d e - f r o s t  per iods each of  15 minutes 
durat ion every 24 hours so as to prevent  the cooler  from ic ing  up. The 
de - f ro s t in g  did not lead to s i g n i f i c a n t  temperature changes w ith in  the 
specimens and the da i l ing  f lu c tu a t io n  of  temperature , immediately over the 
t r o l l e y ,  was within the range of -19°C to -15°C. Indeed observat ions  have, 
shown t h a t  a r i s e  in a i r  temperature up to 0°C in the cold room fo r  per iods 
of up to two hours did not produce s ig n i f i c a n t  changes in the temperature 
g radient  through monitored specimens.
The design of  the t r o l l e y s  was based on t h a t  given in LR 90 bu t ,  to 
reduce c o s t ,  they were constructed e n t i r e ly  from marine plywood ins tead  of  
from teak. Brass was used ins tead  of copper fo r  the specimen c a r r i e r s ,  
again to reduce cos t .  The performance of  these t r o l l e y s  was checked ag a in s t  
t h a t  of a Road Research Laboratory t r o l l e y  and no d i f fe rences  were de tec ted .  
The e l e c t r i c a l  equipment on the t r o l l e y s  was s im i la r  to t h a t  used by the 
Road Research Laboratory and cons is ted  o f : -
( 1 ) a continuous heat ing coil  a t  mid-depth in the water tank.
(2) a Cambridge thermoregulator ,  s e n s i t i v e  to  ± 0 .5°C, to
r e g i s t e r  and maintain the water temperature a t  ±4°C.
(3) a Gallenkamp e le c t ro n ic  re lay  to control the e l e c t r i c  cu r ren t
to the hea te r  using the control c i r c u i t  from (2 ).
The e n t i r e  system became operational in September 1969 and has performed 
very s a t i s f a c t o r i l y  s ince  t h a t  da te .
